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  Abstract 
      Bio-oil from biomass through thermochemical conversion is not readily usable as fuel 
because of its extremely high oxygen content and relatively poor storage stability. Thus, fast 
pyrolysis to upgrade the quality of biomass is possible by means of thermochemical pathway 
through which pyrolysis oil is upgraded via hydroprocessing to motor-vehicle grade oil product.  
The catalytic treament of biomass under hydrogen pressure (i.e., hydropyrolysis) is an attractive 
route to obtainin high yield of liquid hydrocarbons, such as benzene, toluene, and xylene (BTX). 
The effect of catalyst is to convert oxygen in bio-oil to H2O, CO, and CO2. The decrease in 
oxygen content contributes to a remarkable increase in the heating value of bio-oil. We have 
proposed in our research the utilization of nickel-loaded brown coal (Ni/LY) char as an 
alternative catalyst for upgrading the quality of bio-oil product. The Ni/LY char was prepared 
according to the ion-exchange method as it is inexpesive and there are reports that the metallic 
Ni disperses well on the support in Ni/LY char with large specific surface area. Loy Yang brown 
coal was used in the preparation of the catalyst because it contains carboxyl and phenol groups 
which can exchange ions with metals.  
       In this study the effects of catalysts (Ni/Al2O3, Ni/LY char, Dolomite, and CoMo/Al2O3) on 
product yield and composition of bio-oil were investigated.  Then the catalytic behavior of 
Ni/LY char was examined and employed to obtain the bio-oil with relatively low oxygen content 
that can be used as liquid fuel and chemical feedstock. 
          In chapter 2, pyrolysis of rice husk was carried out in fluidized bed reactor. The effect of 
different catalysts (i.e., Ni/Al2O3, Ni/LY char, Dolomite and CoMo/Al2O3) was investigated. The 
results showed that a low molecular weight and low oxygen content of bio-oil are obtained with 
pyrolysis using catalyst. Catalysts supported the deoxygenation reaction by convert the 
oxygenated compounds of bio-oil to form H2O, CO2 and CO. Best results are obtained with 
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Ni/LY char and CoMo/Al2O3 which can reduce the oxygen content of bio-oil from 33.8% 
without catalyst to 27.6 and 24.9% with Ni/LY char and CoMo/Al2O3, respectively. The 
decreasing of the oxygen content of bio-oil contributes to a remarkable increase in HHV. 
However, Ni/LY char is deemed more favorable than CoMo/Al2O3 in term of the production 
cost of bio-oil. 
      In chapter 3, hydropyrolysis of rice husk without catalyst was performed in a fluidized bed 
reactor. The effects of parameter conditions (i.e., hydrogen pressure, temperature, gas residence 
time (GRT), and gas hourly space velocity (GHSV)) on product yields were studied to determine 
the optimal condition for bio-oil yield. The hydropyrolysis under 0.1 MPa hydrogen gas 
produced bio-oil with relatively low oxygen content. The optimal hydropyrolysis temperature for 
the production of bio-oil from rice husk was found to be 500 °C and GRT of 2.7 s. The high 
GHSV of 4891 h
-1
 was found to be more favorable for the production of bio-oil due to the 
reduced residence time of vapors in bed material, maximizing the bio-oil yield at about 47.1 
wt.%.  
     In chapter 4, hydropyrolysis of biomass materials (i.e., rice husk, coconut shell, and pine) was 
conducted in a fluidized bed reactor to evaluate bio-oil production. The hydropyrolysis was 
performed at 500 °C, GRT of 2.7 s and GHSV of 4891 h
-1
. The bio-oil yields from rice husk, 
pine, and coconut shell were 47.1, 64.5, and 52.1 wt.%, respectively. The bio-oils were analyzed 
with an elemental analyzer, Karl-Fischer moisture titration, Fourier transform infrared (FTIR) 
spectroscopy, and gas chromatography/mass spectrometry (GC/MS). The results showed that the 
bio-oils from all biomass have high oxygen content and oxygenated compounds such as phenols. 
The HHVs of bio-oils from pine and coconut shell are higher than that of rice husk due to their 
high carbon content, while rice husk has the lowest HHV, which can be ascribed to its low 
carbon content and high oxygen content. It is advisable that the bio-oil products be further 
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processed to remove the condensed water and oxygen content for chemical and/or biofuel 
production. 
     In chapter 5, hydropyrolysis of rice husk was carried out in a fluidized bed reactor at 
atmospheric pressure. The effects of different catalysts, on the carbon conversion of rice husk 
and composition of bio-oils were studied. The experiments with catalysts under hydrogen 
atmosphere to produce bio-oils with much lower oxygen content were performed. The results 
show that the oxygen content of bio-oils is markedly reduced because the oxygenated 
hydrocarbons are hydrocracked resulting in the formation of H2O, CO and CO2 when catalysts 
are introduced. The oxygen content of bio-oil under hydrogen atmosphere decreased from over 
31.1% without catalyst to 25.9%, 20.5%, 26.5% and 10.1% with Ni/Al2O3, Ni/LY char, 
Dolomite and CoMo/Al2O3, respectively. The use of CoMo/Al2O3 and Ni/LY char under 
hydrogen atmosphere showed high activity to decrease the oxygen content, which leaded to a 
higher heating value and more aromatic hydrocarbons. These experiments indicated that 
catalytic hydropyrolysis is suitable for producing bio-oils with lower molecular weight and high 
aromatic hydrocarbons which are possible to use as a potential liquid fuel and chemical 
feedstock.  
    In chapter 6, catalytic hydropyrolysis of rice husk using Ni/LY char was carried out in a 
fluidized bed reactor in order to determine the bio-oil with the lowest oxygen content and 
investigate the effects of an inexpensive Ni/LY char activity, catalytic hydropyrolysis 
temperature, and volume fraction of Ni/LY char on product yield and composition of bio-oils. 
These conditions were tested at the optimal condition (i.e., temperature of 500 °C, GRT of 2.7 s 
and GHSV of 4891 h
-1
). In the presence of Ni/LY char the oxygen content of bio-oil decreased 
by about 16% compared with that of non-catalyst. Raising the temperature from 500 to 650 ºC 
reduced the oxygen content of bio-oil from 27.5% to 21.5%. The characteristics of bio-oil were 
analyzed by Karl Fischer, GC/MS, GPC, FT-IR, and CHN elemental analysis. The result 
IV 
 
indicated that hydropyrolysis of rice husk using Ni/LY char at temperature of 650 ºC produced 
bio-oil with relatively lower oxygen content, oxygenated compounds, high aromatic 
hydrocarbons, and high heating value.  For the effect of volume fraction of Ni/LY char, which 
was investigated at the optimal condition for bio-oil yield, it was found that the oxygen content 
of bio-oils decreased, whereas the higher heating value of bio-oils increased when increasing the 
volume fraction of Ni/LY char. The bio-oil with the lowest oxygen content (20.7 wt.%) and the 
highest heating value (30 MJ/kg) was obtained with 75% volume fraction of the Ni/LY char. The 
catalytic hydropyrolysis oil contained more aromatic hydrocarbons with slightly reduced 
oxygenated compounds than that from the non-catalytic hydropyrolysis oil. High quantities of 
aliphatic and aromatic hydrocarbons were obtained from hydropyrolysis with volume fraction of 
Ni/LY char > 50%. The results indicated that the bio-oils from the hydropyrolysis, using high 
volume fraction of Ni/LY char (75 v/v%) at high catalytic hydropyrolysis temperature of 650 °C, 
contained more aromatic hydrocarbons with slightly reduced oxygenated compounds and could 
be used as liquid fuel and chemical feedstock.  
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Chapter 1 
1.   Introduction 
     Energy is the capacity of a physical system to perform work, energy exists in several forms 
such as heat, kinetic or mechanical energy, light, potential energy, electrical, or other form. As a 
resource, energy is usually referred to as a fuel. Today, energy is one of the most important 
resources in our technological world. Energy comes in many forms and is often converted 
numerous times before it reaches our home, school, and place of work. The energy sources have 
been split into three categories: fossil fuel, renewable energy source, and nuclear source. The 
fossil fuel covered here are coal, petroleum and natural gas. The renewable energy sources are 
solar, wind, hydroelectric, biomass, and geothermal power. The nuclear-powered sources are 
fission and fusion. Nowadays, the world‘s energy consumption has more than doubled because 
the world population (6, 75 billion people in 2008) has doubled in the past four decades, and in 
the past three. In the future we can expect a distended consumption of energy on a global scale if 
the world's population reaches nearly 9 billion by the year 2040, which it will accord some 
projections. 
1
  
 
     1.1 World energy overview 
2-4
 
     During the historically recent period of global industrialization, the level of human population 
has been closely related to the amount of energy we have used. Over the last forty years, the per 
capita energy consumption has averaged about 1.5 tones (toe) per person per year. As 
industrialization has progressed, the amount of per capita energy used has also increased, rising 
from a global average of 1.2 toes per person in 1966 to 1.7 toe per person in 2006. As the global 
energy supply tripled over that time, the population has doubled. 
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Figure 1-1 shows the close relationship between global energy consumption, world GDP and 
global population and implies that an overall increase in the energy supply has supported the 
increase in population. 
     As globalization proceeds (Figure 1-2), the next 20 years are likely to see rapid growth of low 
and medium income economies. Energy consumption per capita to 2030 is likely to grow at 
about the same rate as in 1970-90 (0.7% p.a.). But energy efficiency measured very broadly as 
energy per unit of GDP continues to improve globally, and at an accelerating rate. In 2010-30 
this is true for the global average and for almost all of the key countries and regions. This 
acceleration is important. 
 
 
 
 
Figure 1-1. World Energy, GDP and Population, 1965 to 2003 
2
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Figure 1-2. Global growth rates, 1970 to 2030 
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     It restrains the overall growth of primary energy. Energy efficiency gains and a long-term 
structural shift away from industry and toward less energy intensive activities first in rich and 
then in newly industrialized economies - underpins this trend. 
 
     1.2 Type of energy 
3-4
 
Energy sources usually consist of fossil fuels, renewable energies and nuclear power. 
 Figure 1-3 shows the breakdown of the world‘s energy supply according to energy sources from 
1990 to 2004, together with the expected distribution until 2030. The world energy need is 
expected to increase in all energy sources by 2030, due to the increased energy consumption in  
developing countries. 
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Figure 1-3. World primary energy consumption 
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     World primary energy consumption grew by 45% over the past 20 years, and is likely to grow 
by 39% over the next 20 years.  Global energy consumption growth averages 1.7% p.a. from 
2010 to 2030, with growth decelerating gently beyond 2020. The fuel mix changes relatively 
slowly, due to long asset lifetimes, but gas and non-fossil fuels gain share at the expense of coal 
and oil. The fastest growing fuels are renewable (including biofuels) which are expected to grow 
at 8.2% p.a. 2010-30; among fossil fuels, gas grows the fastest (2.1% p.a.). 
 
          1.2.1 Fossil fuel 
5-7
 
     Most of the energy we use comes from fossil fuels. Fossil fuels are natural resources, which 
are formed from the remains of ancient plant and animal life. Fossil fuel burning powers our 
vehicles and industries, heats and cools our buildings, and runs appliances. It also produces 
electricity that we use for all sorts of purposes, such as lights and computers. Fossil fuels are 
made from the remains of ancient plants and animals, buried deep inside the Earth for millions 
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of years. Over a long, long time, heat and pressure has turned these remains into the fossil fuels 
that we call coal, oil and natural gas. Today fossil fuels are mined and burned to release the 
energy stored inside them. Fossil fuels are widely used because there is a good supply and they 
are fairly cheap to mine and drill for.  
     The three types of fossil fuels are obtained from different sources. These fuels are mostly 
produced from different types of zooplankton and phytoplankton. The transformation process of 
these ancient organisms took millions of years. As per the biogenic theory, the remains of certain 
type of algae or plankton form natural gas after several years of transformation. Methane is the 
most common form of natural gas found from the inner layers of earth. Sometimes natural gas is 
collected from the surface of the petroleum deposits. Owing to its low density, natural gas is 
normally found over the petroleum reserves. Huge reserves of only natural gas are also found in 
certain parts of the world. This form of fossil fuel is normally used for household purposes. It is 
also more environment-friendly compared to the other forms of fossil fuels. 
     Coal is formed from the decomposed remains of plants like moss, ferns, and the like through 
the process of calcification. High atmospheric pressure and temperature are some of the other 
conditions that are required for the formation of coal. The composition of coal depends on the 
nature of deposit. More than 1200 different varieties of coal are found in different parts of the 
world. Graphite is the most carbon-rich form of coal. 
     Petroleum contains different forms of hydrocarbons both in simple and complex 
configurations. The remains of oceanic plants and bacteria of prehistoric time formed the 
deposits of petroleum. It required millions of years for the entire transformation process to 
complete. Crude petroleum is used to produce a number of distillate fuels like kerosene, turbo-jet 
fuel and the like. It is also used in plastic production. Petroleum meets nearly 40 percent of the 
world demand of energy. 
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     Fossil fuels currently meet about 86 percent of the world‘s energy needs. And this has not 
changed over time. (See Figure 1-4).
8-11 
 
 
Figure 1-4. Fossil fuel dominance in the global energy mix 
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     Thirty years ago, when worldwide energy demand was 60 percent of current levels, fossil 
fuels were the source of nearly 90 percent of the world‘s energy supply. Today, the Energy 
Information Administration of the U.S. Department of Energy forecasts that this is not likely to 
change in the future, with 86.5 percent of the total energy mix coming from fossil fuels in 2030 
despite or perhaps because of an expected increase in total energy demand of 62 percent by then. 
          1.2.2 Renewable energy 
12-13
 
     Renewable energy is energy that comes from natural, sustainable sources, like the sun, wind 
and water. Generating energy from these sources is a cleaner alternative to generating energy 
from more traditional sources like coal. Here are six types of renewable energy sources that are 
being considered to power the globe in the nearest future. 
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             1.2.2.1 Hydroelectric power 
     Hydropower is the largest source of renewable energy. Its generating capacity amounts to 
77,000 megawatts. Water coming from rivers and waterfalls are released through turbines to 
produce energy. Although the technology is non-pollutant, it can possibly harm marine wildlife 
as it may alter the quality of water. Other than that, hydropower is also highly expensive and is 
likely to take a long time to install. 
               1.2.2.2 Biomass 
     The International Energy Agency reports that 11% of the world's renewable energy is derived 
from biomass. The technology produces 7,000 megawatts of renewable electricity. Biomass is 
taken from industrial processing of forestry and wood products, agriculture, construction and 
solid waste. These biodegradable materials are converted to gas by burning it in a gas turbine. In 
the United States, mill operations are the main source of biomass energy. It is the best alternative 
to coal as it produces less sulfur dioxide. 
               1.2.2.3 Geothermal energy 
     Among the six types of renewable energy sources, geothermal is one of the most cost-
effective and reliable. In the United States alone, it generates up to 2,800 megawatts of energy 
every year which is roughly 2% of the total energy consumption in the country. Geothermal 
energy is produced from naturally occurring steam under the Earth's surface. Steam is extracted 
to power a turbine which in turn powers an electric generator. The problem with geothermal 
energy is the difficulty to find viable land sites. However, the same technology is employed on a 
smaller scale to power building heaters. 
               1.2.2.4 Wind energy 
    Wind energy produces 2,500 megawatts of energy that comprises 1% of the total electricity 
consumption in the United States. The wind rotates the blade that is attached to a main shaft 
where a generator is installed. Energy capacity is determined by the size of turbine. Small wind 
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turbines are generally used to power households, farms and ranches in the country. The 
downside to this technology is the noise that it produces and its relatively expensive installation 
cost. 
               1.2.2.5 Photovoltaic cells 
     Photovoltaic cell is one among the six types of renewable energy sources that does not 
require high maintenance. It basically produces energy by using microchip-like materials that 
absorbs sunlight. This frees the electrons from their atoms and allows them to generate 
electricity. PV cells are generally reliable and produce less to none pollution. 
              1.2.2.6 Solar Thermal systems 
     Solar thermal systems, as the name implies, also derive energy from sunlight. The system 
uses solar collectors to absorb solar radiation that will then be used to heat water or air that will 
generate steam used to operate a turbine. The turbine will then power a generator. Federal and 
state government encourages citizens to install solar energy at home or in the workplace by 
awarding income tax credits.  
 
1.3   Energy related issues  
     1.3.1 Global warming 
14-15 
     Global Warming is the increase of Earth's average surface temperature due to effect  
Of greenhouse gases, such as carbon dioxide emissions from burning fossil fuels or from 
deforestation, which trap heat that would otherwise escape from Earth (see Figure 1-5.) This is a 
type of greenhouse effect. The most significant greenhouse gas is actually water vapor, not 
something produced directly by humankind in significant amounts. However, even slight 
increases in atmospheric levels of carbon dioxide (CO2) can cause a substantial increase in 
temperature. On burning of fossil fuels, various types of gases like carbon dioxide, carbon 
monoxide, methane, nitrous oxide, etc., are released. A significant proportion of the carbon 
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dioxide emitted into the atmosphere is by burning of the fossil fuels. Evidence obtained from 
various research studies suggest that since the middle of the nineteenth century, there have been 
at least 25 percent increase in the carbon dioxide content in the atmospheric air. This is all 
because of extensive use of fossil fuels across the globe. As a result, in the last 150 years, the 
temperature of the earth has already increased more than 1°F. Moreover, it is going to increase 
further in the next hundred years. Thus our planet will be much hotter in the next century. 
 
 
Figure 1-5. Global warming mechanism 
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     1.3.2   Fossil fuel combustion  
     When fossil fuels are burned to produce energy the carbon stored in them is emitted almost 
entirely as CO2. The main fossil fuels burned by humans are petroleum (oil), natural gas and coal. 
CO2 is emitted by the burning of fossil fuels for electricity generation, industrial uses, 
transportation, as well as in homes and commercial buildings. Figure 1-6, in 2006, petroleum 
supplied the largest share of domestic energy demands, accounting for an average of 47 percent 
of total fossil-fuel-based energy consumption in 2006. Coal and natural gas followed in order of 
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importance, accounting for 27 and 26 percent of total fossil fuel consumption, respectively. The 
figure below displays emissions for each of these sectors, by fuel type in 2006. 
 
Figure 1-6. Emission from fossil fuel combustion by section and fuel type, 2006 
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     1.4 Biomass as a potential source of renewable energy 
17-19 
     Biomass is renewable organic material such as wood and an agricultural residue comprises 
the oldest and most prevalent energy resource, the biomass resource is show in Figure 1-7. Even 
today, biomass is the world‘s most popular fuel for heating. With rising fossil fuel prices and 
growing environmental concerns, biomass energy systems are reclaiming their positions in 
schools, factories, military bases, and community energy plants. Biomass recently surpassed 
hydropower as the nation‘s leading source of renewable energy and now accounts for more than 
half of all renewable energy used in United States. Energy plants that use wood waste to produce 
heat and electricity make by far the greatest contribution to the total. Thousands of large and 
small U.S. power plants use biomass fuels to produce more than 7700 MW of electricity.  
11 
 
 
Figure 1-7. The source of renewable energy 
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     In a position paper published in December 2009, two working groups inside the International 
Energy Agency (IEA) identified key policies and practices that would contribute to 
increased biomass utilization throughout the world.  The IEA project is designed to identify 
opportunities for bioenergy to provide better GHG reductions, and to develop climate policies 
for better bioenergy development. The paper distinguishes ‗bad‘ biomass from ‗good‘ biomass 
and ‗better‘ biomass.  Warning that biomass could be ‗bad‘ without safeguards, it notes the 
threat of GHG emissions and loss of biodiversity from land use change, food insecurity, overuse 
of water, and mismanagement of soil if the increased use of biomass is left unchecked.  ‗Good‘ 
biomass, on the other hand, can potentially diversify the energy supply at reasonable cost, 
improve trade balances, and provide rural income and employment.  The paper emphasizes that 
‗better‘ biomass, at the very least, is needed to increase sustainable energy in all countries taking 
into account costs and efficiency. 
   Figure 1-8, although biomass currently provides 75 percent of all renewable energy and 
approximately 13 percent of global energy supply, the paper finds that all countries are 
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significantly under using their domestic potential of sustainable bioenergy and international 
trade of bioenergy is only in its early stage of development.  It provides a roadmap to better 
utilization of sustainable biomass includes specific milestones for the near-term, medium-term, 
and longer-term. 
 
Figure 1-8. Share of bioenergy in the world primary energy mix, 2009 
 
     1.5 Rice production  
     Rice is a heavy staple in the world market as far as food is concerned.  It is the second largest 
amount of any grain produced in the world.  The first largest is corn, but is produced for 
alternative reasons as opposed to rice which is produced primarily for consumption.  Therefore, 
rice can be considered the leading crop produced for human consumption in the world.  The 
leading region of the world which produces rice is Asia, especially South-East and East Asia.  
Rice can easily be grown in tropical regions on any type of terrain.  It is well-suited to countries 
and regions with low labor costs and high rainfall, as it is very labor-intensive to cultivate and 
requires plenty of water for cultivation.  The plains in South-East Asia provide the perfect 
accommodations. Table 1-1: World Production Rate for Rice Paddy and Rice Husk. 
     The current world production of rice paddy is around 500 million tons and hence 100 million 
tons of rice husks are produced.  China and India are the top producers of rice paddy, but most 
all other countries referenced in this table are in South-East and East Asia (Table 1-1). 
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Table 1-1. World production rate for rice husk paddy and rice husk 
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     The 38.6 million hectares of Indian agricultural land under rice cultivation in 1977 yielded 
42.8 million tons of grain and, as by-products, about 81 million tons of agricultural residues - 
namely, 66 million tons of rice straw and 15 million tons of husks. The cellulosic and 
hemicellulosic components of these residues (Table 1-2) are potentially available for 
saccharification or bioconversion to microbial biomass as an improved feed supplement. 
Research into the use of these residues is being conducted in our laboratory. 
     In developed countries these residues are disposed of mostly by burning, but now, there being 
increased interest in recycling these materials that are available in such large amounts, attention 
is turning toward making better use of them. The traditional uses of rice husks in India have 
exploited their calorific and abrasive qualities, and they are now being considered for the 
prediction of good-quality construction materials, while rice straw finds use as fuel, thatch, 
packing material, and as cattle feed.
 21-24
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Table 1-2. Average composition of rice straw and rice husk 
  Composition (%) 
Constituent 
  Rice straw Rice husk 
Cellulose 43 35 
Hemicelluloses 25 25 
Lignin 12 20 
Crude protein (N x 6.25) 3-4 3 
Ash 16-17 (silica 83%) 17 (silica 94%) 
 
     1.5.1 Biomass resource in Thailand  
     Biomass is an important source of renewable energy in Thailand and currently is the second 
major energy source in the country, especially for households and small industries in rural area. 
It provides basic energy requirement for cooking and process heating in residential and 
manufacturing sectors as well as for processing in traditional industries. Four major sources of 
biomass in Thailand are sugar cane, rice, oil palm and wood wastes which yield a total potential 
of nearly 80 million tons/year. At the present, agro-industry is an important source of the 
biomass due to a large-scale production and expedience collection such as rice mill, sugar mills, 
and oil palm mills. Wood industry is also a major source for biomass energy that includes 
residues from teak logs, which is mostly concentrated in the northern part of the country, 
whereas rubber wood and eucalyptus plantations are found mostly in the southern and 
northeastern regions, respectively. Nowadays, in Thailand, biomass material can be used to 
generate electricity, heat, or liquid fuels such as ethanol for motor vehicles that have 
substantially lower environmental impact than traditional fossil fuel.
25
 
     Agriculture sector is the base of Thailand‘s economy and accounts for about 60% of the labor 
forces. So biomass has high potential to utilize as renewable energy. The main agriculture 
residues consist of rice husk, straw, biogases, palm oil waste, wood waste etc. According to the 
residue potential in 2001 from 10 main agriculture products assessment, 22 million tons out of 
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66 million tons were used as fuel and small amount for other purposes. Whereas about 44 
million tons of agriculture residues were unused and equivalent to 612.89 PJ (Pica joule) of 
energy as shown in Table 1-3.  
Table 1-3. Estimation of agricultural residues potential, year 2001 
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     1.5.2 Biomass resource in Japan 
27
 
     A huge amount of organic wastes or residues is produce by the activities in agriculture, forest 
product industries, fisheries, and food industries (Table 1-4). These include rice straw, rice husks, 
livestock manure, thinned-out trees, and food-processing residues, amounting to 170 million 
ton/year in total. Rice straw and rice husks account for the majority of agricultural residue in 
Japan, with an annual production of 10 million ton and 2 million ton, respectively. Most of these 
wastes or residues are now disposed of or incinerated and only fractions are composted or used 
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for litter in the barn. It is thus urgent to develop technologies to use those waste and residues for 
energy and material production. 
Table 1-4. Biomass resources in Japan 
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Resource Amount (million ton/ year) 
Agricultural residues 
     Rice husk 
     Rice straw 
Forestry 
Fisheries 
Animal industries 
Food industry 
Waste from household 
Total 
14 
2 
10 
38 
4 
94 
10 
10 
170 
     
 1.5.3 MAFF activities on biomass energy development in Japan 
28 
     The Ministry of Agriculture, Forestry and Fisheries (MAFF) of Japan has been working for 
more than two decades on biomass utilization technologies aiming at development of  efficient 
biomass energy conversion technologies as well as biomass production technologies.  Some of 
the technologies are regarded as promising and have been under verification using pilot plants.  
We sincerely hope that our efforts will in cooperation with other countries contribute to solving 
energy and environmental issues which may endanger sustainable development of humankind. 
 
1.6 Thermal conversion of biomass 
29-31
 
     1.6.1 Direct fired or conventional steam boiler 
     Most of the woody biomass-to-energy plants use direct-fired system or conventional steam 
boiler, whereby biomass feedstock is directly burned to produce steam leading to generation of 
electricity. In a direct-fired system, biomass is fed from the bottom of the boiler and air is 
17 
 
supplied at the base. Hot combustion gases are passed through a heat exchanger in which water 
is boiled to create steam. Biomass is dried, sized into smaller pieces and then pelletized or 
briquetted before firing. Pelletization is a process of reducing the bulk volume of biomass 
feedstock by mechanical means to improve handling and combustion characteristics of biomass.  
     The processed biomass is added to a furnace or a boiler to generate heat which is then run 
through a turbine which drives an electrical generator. The heat generated by the exothermic 
process of combustion to power the generator can also be used to regulate temperature of the 
plant and other buildings, making the whole process much more efficient. Cogeneration of heat 
and electricity provides an economical option, particularly at sawmills or other sites where a 
source of biomass waste is already available. For example, wood waste is used to produce both 
electricity and steam at paper mills.  
    1.6.2 Co-firing 
    Co-firing is the simplest way to use biomass with energy systems based on fossil fuels. Small 
portions (up to 15%) of woody and herbaceous biomass such as poplar, willow and switch grass 
can be used as fuel in an existing coal power plant. Like coal, biomass is placed into the boilers 
and burned in such systems. The only cost associated with upgrading the system is incurred in 
buying a boiler capable of burning both the fuels, which is a more cost-effective than building a 
new plant. The environmental benefits of adding biomass to coal includes decrease in nitrogen 
and sculpture oxides which are responsible for causing smog, acid rain and ozone pollution. In 
addition, relatively lower amount of carbon dioxide is released into the atmospheres. Co-firing 
provides a good platform for transition to more viable and sustainable renewable energy 
practices.  
     1.6.3 Pyrolysis 
     Pyrolysis offers a flexible and attractive way of converting solid biomass into an easily stored 
and transportable fuel, which can be successfully used for the production of heat, power and 
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chemicals. In pyrolysis, biomass is subjected to high temperatures in the absence of oxygen 
resulting in the production of pyrolysis oil (or bio-oil), chars or singes which can then be used to 
generate electricity. The process transforms the biomass into high quality fuel without creating 
ash or energy directly. Wood residues, forest residues and biogases are important short term feed 
materials for pyrolysis being aplenty, low-cost and good energy source. Straw and agro-residues 
are important in the longer term; however straw has high ash content which might cause 
problems in pyrolysis. Sewage sludge is a significant resource that requires new disposal 
methods and can be pyrolyzed to give liquids. Pyrolysis oil can offer major advantages over 
solid biomass and gasification due to the ease of handling, storage and combustion in an existing 
power station when special start-up procedures are not necessary.  
     1.6.4 Gasification 
     Gasification processes convert biomass into combustible gases that ideally contain all the 
energy originally present in the biomass. In practice, conversion efficiencies ranging from 60% 
to 90% are achieved. Gasification processes can be either direct (using air or oxygen to generate 
heat through exothermic reactions) or indirect (transferring heat to the reactor from the outside). 
The gas can be burned to produce industrial or residential heat, to run engines for mechanical or 
electrical power, or to make synthetic fuels. Biomass gasifies are of two kinds updraft and 
downdraft. In an updraft unit, biomass is fed in the top of the reactor and air is injected into the 
bottom of the fuel bed. The efficiency of updraft gasifies ranges from 80 to 90 per cent on 
account of efficient counter-current heat exchange between the rising gases and descending 
solids. However, the tars produced by updraft gasifies imply that the gas must be cooled before it 
can be used in internal combustion engines. Thus, in practical operation, updraft units are used 
for direct heat applications while downdraft ones are employed for operating internal 
combustion engines. Large scale applications of gasifies include comprehensive versions of the 
small scale updraft and downdraft technologies, and fluidized bed technologies. The superior 
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heat and mass transfer of fluidized beds leads to relatively uniform temperatures throughout the 
bed, better fuel moisture utilization, and faster rate of reaction, resulting in higher throughput 
capabilities. 
 
1.7 Thermal conversion of biomass through pyrolysis   
     1.7.1 Description of the process 
29, 32 
     Thermochemical conversion of biomass such as pyrolysis, gasification and combustion is the 
most promising process for energy production (Figure 1-9). Pyrolysis is the thermochemical 
decomposition of organic materials at elevated temperature without the participation of oxygen 
(in the latter case, the process can be described as partial gasification). If the temperature is 
below 400°C, pyrolysis is defined as carbonization where charcoal, fuel gas and liquid fuels 
(heavy and light oils) are produced. When the temperature reaches 1000°C there is a complete 
gasification of biomass.   
 
 
 
Figure 1-9. Schematic reaction zones of wood pyrolysis 29 
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Figure 1-10. Reaction paths for biomass pyrolysis 
 
     Figure 1-10; through pyrolysis the material is transformed into liquid and gas fractions with 
low to medium calorific value (SYNGAS, consisting of CO, H2, CH4 and other low molecular  
Weight hydrocarbons). The liquid fraction contains water and organic compounds at low to  
medium molecular weight (TAR) and a solid carbonaceous portion (CHAR).  Pyrolysis offers a 
great opportunity from an environmental point of view since it allows the use of a wide variety 
of materials (wood, waste, tires, plastic) which produce low emissions of nitrogen oxides and 
sulphur in comparison with the current technologies that are used in the process of incineration. 
Moreover, while they provide energy recovery of 40%, the values reach up to 70% through 
pyrolysis.
31
 Generally, the products of the pyrolysis reaction can be classified into three main 
groups:   
     • Syngas:  composed primarily of hydrogen, carbon oxides (CO, CO2) and gaseous  
hydrocarbons such as methane, with a calorific value of around 13-15 MJ/Nm
3
.  
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     • Tar: the liquid produced by pyrolysis is a condensable organic (bio-oil) characterized by a 
complex chemical composition: carboxylic acids, aldehydes, alcohols, water vapor and tar. The 
oily liquid portion consists of two phases: an aqueous phase containing a wide variety of organic 
compounds containing oxygen with a low molecular weight and a non-aqueous phase containing 
insoluble organic compounds (especially aromatic) with a high molecular weight.  
     • Char:  the product is a solid carbon residue with a low content of ash and a relatively high 
PCI (30 MJ/kg), with a density of about 150-300 kg/m
3
.  Char can be used as a fuel to power the 
pyrolysis process or for drying the biomass before putting it into the reactor. Char is more stable 
and complex for handling and does not degrade biologically. The degradation of biomass into 
these three products is a complex process accompanied by the formation of more than one 
hundred intermediates.  
     1.7.2 Pyrolysis process technology  
     Bio-oil can substitute for fuel oil or diesel in many static applications including boilers, 
furnaces, engines and turbines for electricity generation.  The possibilities are summarized in the 
figure below.  There is also a range of chemicals that can be extracted or derived including food 
flavorings, specialties, resins, agri-chemicals, fertilizers, and emissions control agents (see Figure 1-11).  
 
Figure 1-11.  Pyrolysis technology process 
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     1.7.3 Type of pyrolysis 
32-34 
     According to the parameters of the process and products, different types of pyrolysis can be  
distinguished.  Based on the criteria (reaction temperature, heating rate, residence time), 
pyrolysis is classified, leading to the formation of different yield products (see Table 1-5). 
 
Table 1-5. Formation of different products from various types of pyrolysis 
34
 
 
 
          1.7.3.1 Slow pyrolysis  
     Slow pyrolysis occurs at temperatures exceeding 400°C and high residence time (4-8 
minutes). With the heating rate of 1-5°C/sec, the reactions occur in balance. Under these 
conditions the gaseous phase of the products will be high because of the complete secondary 
reactions. The final char yields are decreased by increasing the process temperature from 400°C 
to 700°C. The liquid products reach a maximum value at around 550°C and decrease at the 
temperature of 700 °C. The decrease in char yield at higher temperatures is related to the 
increase of volatiles from tar. That is subjected to the secondary reactions, which means less 
production of liquid and more gas.     
          1.7.3.2 Fast pyrolysis  
     This type of pyrolysis occurs at temperatures between 500 - 950°C, with the heating rate of  
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about 100-300°C/sec and a very short time of residence (1-5 seconds) to reduce the formation of 
intermediate products and increase the yield of tar. Tar product can reach up to 70% -80% of the 
weight of dry biomass if we can keep the temperature around 500 °C in order to limit the 
reaction of steam cracking, facilitating condensation and the subsequent formation of liquid. 
When residence time is too short (<1 s), the result is an incomplete depolymerisation of biomass and a 
less homogeneous liquid product which contributes to the instability of bio-oil. In addition to a high 
heating rate it is necessary to cool down pyrolysis vapors very rapidly in order to obtain a more stable 
product. In order to heat up biomass very rapidly, smaller homogenous particles must be used, often 
pre-treated with mechanical grinders. The technologies related to this type of pyrolysis are receiving 
much attention because the liquid fuel that is produced is more dense and easier to handle.   
          1.7.3.3 Flash pyrolysis     
     Flash pyrolysis is a type of pyrolysis characterized by a high heating rate (> 1000 °C/s), short  
residence times (0.1-1 seconds) of solid and volatile components and a different temperature  
range depending on the wanted product. For temperatures between 450°C and 750°C, up to 80% 
of the weight of liquid fraction is achieved, while for temperatures above 750°C (flash pyrolysis 
at high temperature) gas production can reach 80% of the weight of the products and at the same 
time, given the high speed of reaction, it has less tar and the calorific value of gas increases by 5-
10%. Below is a tabular summary of the different types of pyrolysis described in this paragraph 
according to the parameters of the process and products (Table 1-6).   
Table 1-6. Type of pyrolysis in relation to operating processes and products with greater yield 
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     1.7.4 Pyrolysis reactor types 
35
 
     Technologies of energy conversion through pyrolysis are still being researched, although  
there are several examples of industrial plants for the treatment and disposal of waste involved 
with this process. New types of reactors have been developed for the production of specific 
products of pyrolysis, each with different characteristics, depending on the plant, to maximize 
the quantity and quality of the product, paying attention to cost reduction and environmental 
impact. (See Figure 1-12 - 1-17) 
1.7.4.1   Bubbling fluidized bed 
 
        Figure 1-12. Bubbling fluidized bed 
 
1.7.4.2  Circulating fluidized bed/transport reactor 
     
                                             Figure 1-13. Circulating fluidized bed/transport reactor 
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1.7.4.3  Rotating cone pyrolyzer 
 
                                                Figure 1-14. Rotating cone pyrolyzer 
1.7.4.4 Ablative pyrolyzer 
     
                                                      Figure 1-15. Ablative pyrolyzer 
1.7.4.5 Vacuum pyrolysis 
                      
                                                        Figure 1-16. Vacuum pyrolysis 
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1.7.4.6 Auger reactor 
                   
                                                           Figure 1-17. Auger reactor 
 
          1.7.4.7 Relative merits of various reactors  
     Below is a tabular summary of Relative Merits of Various Reactors described in this 
paragraph according to the parameters of the process and products (Table 1-7).   
 
Table 1-7. Relative of various reactors 
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1.8  Properties of bio-oil
 37-40
 
     The properties of bio-oil can encompass a broad range of parameters because of the complex  
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nature of this material. Bio oils differ greatly from petroleum based fuels and as a result present 
some difficulties if they are to be used as a replacement for petroleum fuels. The major issues to 
be tackled are the high water content, the high oxygen content and high viscosity. Depending on 
the pyrolysis conditions the crude bio-oil can contain up to 30% water, (diesel has a water 
content of 0.05%) 35-40% oxygen and has a viscosity of about 13.2 at 40
o
C) (diesel viscosity is 
4.5 at 40
o
C). Even if one is able to perfectly reproduce all of the processing conditions necessary 
to produce bio-oil, the biomass feed, itself, can influence the nature of the final product. Not 
only are there differences between types of biomass species but also where a particular species is 
grown can affect things such as the composition of mineral matter present.  
     What this formula implies is that on a weight basis wood is composed of almost 42% oxygen.  
When biomass under goes pyrolysis, bonds are cleaved to produce fragments of the original 
macro polymers: cellulose, hemicelluloses, and lignin. During this process most of the original 
oxygen is retained in the fragments that collectively comprise bio-oil. The oxygen difference 
between the original biomass and the bio-oil is related to how the oxygen is coupled to 
compounds in the permanent gases and the amount tied up as water in the oil. The oxygen in 
bio-oil is embodied in most of the more than 300 compounds that have been   identified 
41
 in bio-
oil. Given the limitations of analytical techniques used to identify and quantify many of the 
higher molecular weight species, it is probably safe to assume there are many more compounds 
than those already identified. We can classify these compounds into five broad categories 
42
: 
hydroxyaldehydes, hydroxyketones, sugars, carboxylic acids, and phenolics. The phenolic 
compounds are present as oligimers having molecular weights ranging from 900 to 2500.
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These phenolics are primarily derived from the lignin component of biomass. A more detailed 
classification of compounds can be found 
44, 45
 that classify compounds under the following 
categories:  acids, alcohols, aldehydes, esters, ketones, phenols, guaiacols, syringols, sugars, 
furans, alkenes, aromatics, nitrogen compounds, and misc. oxygenates. The presence of 
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oxygenated compounds seems to be the reason for the poor quality of the bio-oil as a liquid fuel. 
Table 1-8 lists the chemical properties of bio-oils produced from three different types of 
biomass: birch, pine, and poplar. 
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Table 1-8. Properties of bio-oil from various feedstocks
 46 
 
1.9 Upgrading the quality of bio-oil 
     Thermal liquefaction product can be utilized directly in energy applications, but might also be 
refined to chemical feedstock or more feasible liquid hydrocarbon fuel by catalytic upgrading. 
The upgrading of pyrolysis oils is necessary process before they can be used as regular fuel and 
it involves the removal of oxygen. Accordingly, upgrading diminishes the undesirable properties, 
instability and high viscosity, which are induce by phenol and ether (methoxy) groups. It has 
been proposed to convert phenol into aryl ethers via catalytic processes. There are two methods 
used for upgrading the pyrolysis products: hydrotreating and catalytic cracking. Hydrotreating 
involves the use of hydrogen to remove oxygen from the bio-oil forming water. Catalytic 
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cracking reduce oxygen content though simultaneous dehydration, decarboxylation and 
decarbonylation reaction in the presence of catalyst. 
     1.9.1 Hydroprocessing 
41
 
     Hydroprocessing (hydrogenation) (equation 1) is most effectively used for ex-situ upgrades, 
but in-situ hydrogenation has been suggested and tested at the US Gas Technology Institute  
Hydrogenation:                                                                                 (1) 
This approach catalytically converts the pyrolysis oil to hydrocarbons using a 
hydrodeoxygenation processes similar to that used in petroleum refineries. Catalysts similar to 
that used for petroleum hydrodesulphurization (HDS) (e.g. cobalt-molybdenum (CoMo) and 
nickel-molybdenum (NiMo) sulfides) have been successfully tested. The process can be 
expensive due to the need for high pressure systems and the over-consumption of hydrogen 
resulting from unnecessary hydrogenation of aromatic rings. Also high levels of coke formation 
cause catalyst deactivation and thereby reduce product yield. The development of new catalysts 
(e.g. nano-catalysts) and use of FCC catalyst regeneration technologies may overcome these 
hurdles.  
     The H2Bioil process 
     There are three main challenges in the recently published H2CAR process 
47, 48
; the estimated 
amount of supplementary H2 needed at 0.33kg/l of oil produced is quite large, the cost 
competitiveness due to the usage of a gasifier and a FT reactor and the infeasibility to transport 
biomass over large distances to feed large size liquid fuel plants. 
49, 50
 In order to reduce the 
levels of supplementary H2 while still providing high recoveries of biomass carbon as liquid fuel, 
a novel process based on the biomass fast hydropyrolysis and hydrodeoxygenation is developed: 
Hydrogen Bio-Oil (H2Bioil). 
51
 Since all the carbon in the biomass is converted to liquid fuel in 
this process, only one-third the biomass needed to produce the same quantity of liquid fuel. 
C6H8O4 + H2      6CH12 + 4H2O 
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     The H2Bioil process integrates the well understood higher efficiency and yield of a fast- 
pyrolysis based process with hydrogen from an external source, and is capable of producing 
deoxygenated oil, suitable to replace petroleum based fuels. Thus, H2Bioil has the potential to 
play a major role in providing transportation fuel. In the United States with the 1 billion tons of 
annual sustainable biomass and solar H2, H2Bioil process has the potential to produce 8.7 million 
bbl/d of biofuel, providing 63% of the fuel requirement of the entire US transportation sector. 
This process (see Figure 1-18), requiring only 27% of the hydrogen requirement of the H2CAR 
process, can be built at small to medium size and distributed over relatively short distances to 
avoid transportation of biomass over long distances. 
 
Figure 1-18. H2Bioil
TM
 process 
47, 48
 
 
     We propose to run biomass using fast-hydropyrolysis instead of the ordinary fast-pyrolysis 
because the presence of H2 during pyrolysis in the H2Bioil process is expected to decrease the 
char formation. Furthermore, Hydrodeoxygenation is essential for lowering the oxygen content 
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of the fuel in order for these bio-oils to blend in more easily with petroleum products. (See Table 
1-9) 
Table 1-9. Product property Comparisons 
 
     The Gas Technology Institute (GTI) is developing an advanced hydropyrolysis method for 
directly converting a wide range of biomass types directly to gasoline, diesel, and other high 
value fuels and hydrocarbons. The method is designated IH2, and utilizes hydrogen scavenged 
from the biomass itself.  IH2 product is very low in water and oxygen, and claimed to contain 
3X the heating value of standard fast pyrolysis oils. 
1.9.1.1   Hydrotreating catalysts 41 
Several in-situ catalytic approaches for thermochemical upgrading have been suggested to  
convert the pyrolysis oil into fungible fuels including catalytic cracking, hydrogenation, and 
aqueous reforming. Catalytic cracking (equation 2) modifies the decomposition pathways 
through the use of heterogeneous acid catalysts to partially or fully deoxygenate the pyrolysis oil. 
Catalytic Cracking:                                                                              (2) 
Catalytic pyrolysis has been recently studied as a method to produce partially 
deoxygenated pyrolysis oils. Catalytic cracking does not require external hydrogen and operates 
at atmospheric pressure, but high levels of coke (unwanted carbon deposits on the catalysts) may 
be formed during reaction. However, catalyst regeneration is a mature technology in fluid 
C6H8O4 + H2      4.6CH12 + 1.4CO2      
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catalytic cracking (FCC) processes used in the petroleum industry, and could be applied to 
reduce the coking problem. Partial deoxygenation should improve the stability of pyrolysis oils 
by reducing the concentration of reactive oxygenated functional groups which improves downstream 
hydroprocessing. This also reduces coke formation and thereby improves catalyst life. 
     The type of catalyst used for hydrotreation processes is mainly dependent on the specific 
reaction and process requirements. In general, catalysts for hydrotreating reactions consist of 
mixed sulfides of CoMo, NiMo, or NiW supported on high surface area carries, like γ-alumina. 
CoMo sulfide catalysts are preferred for hydrodesulphurization (HDS) reactions, while NiMo 
sulfide catalysts are excellent in hydrodenitrogenation (HDN) and hydrogenation (HYD). NiW 
sulfide catalysts are very promising for hydrocracking, aromatics hydrogenation at low H2S 
concentrations and conversion of alkylated dibenzothiophenes, although the high costs of these 
catalysts make industrial applications less attractive. However. These catalysts are sensitive 
towards poisoning by sulfur compounds. Interestingly, CoW sulfide catalysts seem somehow not 
to be a good combination for application in industrial hydrotreation processes. 
41, 52 
 
Figure 1-19. The layout for a new method for processing agricultural waste
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     Figure 1-19 shows the layout for a new method for processing agricultural waste and any 
available biomass into biofuels.
53
 Researchers at Purdue University are proposing the creation of 
mobile processing plants that would rove the Midwest to produce the fuels using the technique, 
called fast-hydropyrolysis-hydrodeoxygenation. Biomass along with hydrogen will be fed into a 
high-pressure reactor and subjected to extremely fast heating, rising to as hot as 900 degrees 
Fahrenheit in less than a second. The new method would produce about twice as much biofuel as 
current technologies when hydrogen is derived from natural gas and 1.5 times the liquid fuel 
when hydrogen is derived from a portion of the biomass itself. Biomass along with hydrogen 
will be fed into a high-pressure reactor and subjected to extremely fast heating, rising to as hot as 
500 degrees Celsius, or more than 900 °F in less than a second. The hydrogen containing gas is 
to be produced by "reforming" natural gas, with the hot exhaust directly fed into the biomass 
reactor. The biomass will break down into smaller molecules in the presence of hot hydrogen 
and suitable catalysts. The reaction products will then be subsequently condensed into liquid oil 
for eventual use as fuel. The uncondensed light gases such as methane, carbon monoxide, 
hydrogen and carbon dioxide, are separated and recycled back to the biomass reactor and the 
reformer. 
     1.9.1.2 Nickel loading Loy Yang brown coal char 
     Traditional desulfurization catalysts sulfidized Ni–Mo/Al2O3 and Co–Mo/Al2O3 have been 
most frequently used in the above processes.
54
 However, because of a low sulfur content of the 
starting raw material of plant origin, these catalysts are rapidly deactivated as a result of the 
reduction and subsequent carbonization of an active component.
55 
Catalysts based on Pd, Pt, Ru, 
and Rh noble metals have been used in the hydrocracking and hydrodeoxygenation of esters.
50, 51 
However, the use of these catalysts in large scale processes is not promising because they are 
expensive. Thus, it seems reasonable to develop catalysts free of noble metals for the mild 
hydrocracking of lipid derivatives of plant origin. As found previously 
56-58
, the deoxygenation 
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of aromatic and aliphatic oxygen containing compounds to corresponding hydrocarbons can be 
efficiently performed on nickel catalysts.   
     In this study, the authors used Nickel-loaded Loy Yang brown coal (Ni/LY) char prepared 
with the ion-exchange method to obtain high quality bio-oil with the use of an inexpensive 
catalyst in the hydropyrolysis of biomass due to the fact that the catalyst with highly dispersed 
active site is more effective for biomass conversion. Brown coal or lignite is low rank with high 
moisture content of around 60%, low heat value and high oxygen content. Therefore, it is hard to 
use for converted to useful energy. However, it is concluding many outstanding features such as 
less ash and sulfur content, and especially, including abundant of oxygen-containing function 
groups such as carboxyl and phenol groups which are available for ion-exchange with metals.
59
 
The Schematic diagram of nickel-loaded brown coal char with structure unit of Ni/LY char is 
showed in Figure 1-20.   
     Li et al. 
60
 reported that the metallic Ni dispersed well on the support in Ni/LY char with large 
specific surface area when the catalyst was prepared through ion-exchanged method.  The 
authors 
61
 have studied the effects of gas atmosphere and catalyst on bio-oil with relatively low 
content of oxygen. The results reported that the pyrolysis of rice husk under hydrogen 
atmosphere using Ni/LY char can reduce the oxygen content of bio-oil and that bio-oil became 
increasing aromatic as more oxygenated compounds was removed. In this study, the 
hydropyrolysis of rice husk using inexpensive catalyst was investigated in a fluidized bed reactor. 
Rice husk was pyrolyzed in hydrogen atmospheric pressure using Ni/LY char as the fluidizing 
particle. The effects of catalyst and temperature on the catalytic hydropyrolysis, on product 
yields, and the composition of bio-oil were investigated. Since the hydropyrolysis does not 
require high pressure gas atmosphere and a complicated system, these advantages in turn reduce 
the cost to a great extent. 
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Figure 1-20. The Schematic diagrams of nickel-loaded brown coal char with structure unit of Ni/LY char  
 
      Brown coal 
  Ion-exchange 
         Ni-loaded brown coal 
       Ion-exchange 
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1.10 Summary 
     Rice husk is an abundant biomass resource in Japan. It has been used as a feedstock for 
pyrolysis because of its high content of organic compounds (cellulose, hemicelluloses and 
lignin), high energy content and steady supply from rice plants. Many researchers have been 
studying fast pyrolysis of rice husk. Recently, fast pyrolysis in a high heat transfer rate to biomass 
particles, short residence time (<2 s) and rapid quenching of pyrolysis organic vapors to 
maximize oil product has attracted significant interest. Although fast pyrolysis can produce a 
yield of bio-oil, it cannot be used directly as fuel because it extremely high oxygen content 
which relatively poor storage stability characteristics. Therefore, improvement of the bio-oil is 
necessary before it can be accepted and used commercially. As such, catalytic treatment to 
remove oxygen while increasing the content of hydrogen is employed to improve the quality of 
bio-oil. The catalytic treatment of biomass under hydrogen pressure (i.e., hydropyrolysis) is an 
attractive route to obtain a high yield of liquid hydrocarbons such as benzene, toluene and xylene 
(BTX). However, until now, the knowledge regarding low oxygen content bio-oil from catalytic 
fast pyrolysis is very limited and few works have been issued on the effect of gas atmosphere on 
the chemical composition of the bio-oil from catalytic fast pyrolysis of biomass. Further study 
on the catalytic hydropyrolysis of rice husk at different condition parameters on the product 
yield and the composition of bio-oils would be investigated to obtain bio-oil with the relatively 
low oxygen content. 
  
1.11 Relevant researches 
     Williams et al.
62
 studied bio-oil from pyrolysis and catalytic pyrolysis of rice husk with ZSM-
5 catalyst in the fixed bed reactor. They found that the catalyst has an effect in converting 
oxygen content in the bio-oil mainly to H2O at lower catalyst temperatures. In addition, the 
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catalyst markedly increases single-rings aromatics and polycyclic aromatic hydrocarbons 
(PAHs) in the bio-oil compared with non-catalytic bio-oil. 
     Zhang et al.
63
 compared fast pyrolysis of corncob with and without catalyst in a fluidized bed 
to determine the effect of HZSM-5 zeolite catalyst on the product yields and the qualities of the 
liquid product. The result showed a decrease of more than 25% in the oxygen content of the 
collected liquid with a catalyst than the one without a catalyst. The H/C, O/C molar ratios 
decrease, whiles the heating value of the oil fraction of the collected liquid increases with the 
catalyst. 
     Rocha et al.
64
 studied the production of bio-oil with relatively low oxygen content with 
hydropyrolysis in the fixed bed reactor using NiMo/γ-Al2O3 catalyst at 400 °C. They found that 
increasing the hydrogen pressure from 2.5 MPa to 10 MPa decreases the oxygen content of the 
oil from over 20% to 10% w/w, and that the bio-oil becomes increasingly aromatic hydrocarbons 
as more oxygen is removed. 
     Takarada et al.
65
 studied coal hydropyrolysis in a powder particle fluidized bed at 
atmospheric pressure with CoMo/Al2O3 catalyst particles or silica sand particles as fluidized 
particles and found that the yield of light aromatic hydrocarbons with CoMo/Al2O3 as fluidized 
particles at 590°C with a 10 cm of bed height is greater than that with silica sand. Moreover, 
hydrocarbon liquids with a narrow product distribution such as BTX (benzene, toluene and 
xylene) and naphthalene are obtained. 
     Chareonpanich et al.
66
 also studied the hydropyrolysis process using HZSM-5 zeolite catalyst 
at 500°C and found that the yields of BTX and DTN (decalin, tetralin and naphthalene) 
increased by 20% compared with those of non-catalyst. In this study, the authors used Ni/LY 
char prepared with the ion-exchange method to obtain high quality bio-oil with the use of an 
inexpensive catalyst in the hydropyrolysis of biomass due to the fact that the catalyst with highly 
dispersed active site is more effective for biomass conversion. 
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     Putun et al.
67 
also reported that pyrolysis oil obtained from hydropyrolysis of biomass have 
considerably lower oxygen content than those from normal pyrolysis under inert gas.   
 
 1.12 Objectives of this study 
     This thesis deals with concept, using biomass as a renewable energy on the thermochemical 
conversion process to produce energy and fuels. The energy stored in biomass can be converted 
into fuel with less pollution and global-warming inducing gases compared to existing fossil fuel. 
Rice husk is an abundant biomass resource in Japan. It has been used as a feedstock for pyrolysis 
because of its high content of organic compounds (cellulose, hemicelluloses, and lignin). Fast 
pyrolysis at moderate temperature with a very short residence time (<2s), high heating transfer 
rate, and rapid quenching of the pyrolysis vapors can obtained high yield of bio-oil up to 75%. 
Many researchers have conducted studied on the effect of pyrolysis parameter on product yield 
depend upon parameters of the process. Although fast pyrolysis can produce a yield of bio-oil, it 
cannot be used directly as fuel because of its extremely high oxygen content with relatively poor 
storage stability characteristics. Therefore, improvement of the bio-oil is necessary before it can 
be accepted and used commercially. To obtain the principal products of oil, catalytic treatment to 
remove oxygen while increasing the content of hydrocarbons is employed to improve the quality 
of bio-oil. The catalytic treatment of biomass under hydrogen pressure (i.e., hydropyrolysis) is 
an attractive route obtains a high of liquid hydrocarbons such as benzene, toluene, and xylene 
(BTX). However, until now, the knowledge regarding low oxygen content bio-oil from catalytic 
hydropyrolysis is very limited, and few works have been issued the effect of the gas atmosphere 
on the chemical composition of the bio-oil from catalytic fast pyrolysis of biomass. In this study 
fast pyrolysis of rice husk is carried out in fluidized bed reactor. The gas atmosphere and 
catalytic activity (Ni/Al2O3, Ni/LY, CoMo/Al2O3 and Dolomite) on the product yield and the 
composition of bio-oil are investigated to obtained bio-oil with relatively low oxygen content.  
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   With regarding to a good preparation and properties of nickel-loaded brown coal char, the 
catalytic behaviors of Ni/LY char at different temperature and volume fraction of catalyst on the 
product yield and the composition of bio-oil were especially investigated. The second objective 
is the hydropyrolysis at different of biomass resources in fluidized bed reactor on the product 
yield and the composition of bio-oil, was investigated. 
     The low oxygen-containing bio-oil indicated that the bio-oil has high heating value and light 
hydrocarbon compounds which can be used as a potential liquid fuel and chemical feed stock. 
These experiments do not require a high pressure of hydrogen and complicated reactor or 
equipment. These advantages in turn reduce the coat to a great extent. 
      
1.13   Outline of this study 
     Chapter 2 describes fast pyrolysis of rice husk in a fluidized bed reactor. The effects of 
different catalysts (i.e., Ni/Al2O3, Ni/LY char, Dolomite, and CoMo/Al2O3) on the carbon 
conversion and composition of bio-oils are investigated and employed to obtain bio-oil with 
relatively low oxygen content.  
     Chapter 3 investigates the hydropyrolysis of rice husk in a fluidized bed reactor. Rice husk 
was pyrolyzed under hydrogen atmospheric pressure without catalyst. The operating parameters 
of different hydrogen pressure, temperatures, gas residence time (GRT), and gas hourly space 
velocity (GHSV) to determine the optimal condition for bio-oil yield were investigated. 
     Chapter 4 presents the hydropyrolysis of different biomass materials to determine the effects 
of biomass composition on the product distribution and composition of bio-oils. The experiment 
was carried out at the optimal condition to produce bio-oil (i.e., temperature of 500 °C, GRT of 
2.7 s, GHSV of 4891 h
-1
, and heating rate of 10 °C/min).  
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     Chapter 5 the effect of different catalysts (i.e., Ni/Al2O3, Ni/LY char, Dolomite, and CoMo/Al2O3) on 
the carbon conversion and composition of bio-oils are investigated though catalytic hydropyrolysis of rice 
husk using fluidized reactor with the main aim to obtain bio-oil with relatively low oxygen content.  
   Chapter 6 catalytic hydropyrolysis of rice husk in a fluidized reactor at the optimal condition 
for bio-oil yield with an aim to obtain bio-oil with relatively low oxygen content that can be used 
as liquid fuel and chemical feedstock was investigated. The effects of catalytic activity and 
catalytic hydropyrolysis temperature on the product distribution and composition of bio-oil were 
studied first, and then the effects of volume fraction of Ni/LY char on product yields and 
composition of bio-oil were investigated.  
           Chapter 7 concludes the findings of this dissertation  
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Chapter 2 
Catalytic Pyrolysis of Rice Husk under an Inert Atmosphere 
 
2.1 Introduction 
     The availability of fossil fuels is limited, but the demand of energy from fossil is growing at 
high rate due to the development of all aspects of the world and the utilization of the fossil fuel 
generating the environmental problems. There is a need for identifying the sustainable energy 
options for energy production without polluting the environment. The renewable energy source 
can play a major role for sustainable development. Among the possible renewable energy options,  
agricultural and forestry residues (generally called biomass residues) can be used as raw materials 
to generate energy. Fast pyrolysis in a high heat transfer rate to biomass particles, short residence 
time (<2 s) and rapid quenching of pyrolysis organic vapors to maximize oil product has attracted 
significant interest. Lu et al.
 1 
studied chemical and physical properties of bio-oil of rice husk in 
fluidized bed. They found that rice husk bio-oil is a valuable liquid fuel but with some 
undesirable properties. Therefore, improvement of the bio-oil is necessary before it can be 
accepted and used commercially. Heo et al.
2
 performed fast pyrolysis of rice husk with an 
intermediate autothermal pyrolysis set to produce the bio-oil. The effects of reaction conditions 
on product distributions and bio-oils properties were examined. Nevertheless, the pyrolysis oil 
cannot be used directly as fuel because of its extremely high oxygen content, high viscosity, and 
corrosive and relatively low heating value.  
     Catalytic pyrolysis process is a promising way to improve bio-oil quality by removing 
oxygen and increasing heating value and stability. Williams et al.
3
 studied bio-oil from pyrolysis 
and catalytic pyrolysis of rice husk with ZSM-5 catalyst in the fixed bed reactor. They found that 
the catalyst has an effect in converting oxygen content in the bio-oil mainly to H2O at lower 
catalyst temperatures. In addition, the catalyst markedly increases single-rings aromatics and 
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polycyclic aromatic hydrocarbons (PAHs) in the bio-oil compared with non-catalytic bio-oil. 
Zhang et al.
4
 compared fast pyrolysis of corncob with and without catalyst in a fluidized bed to 
determine the effect of HZSM-5 zeolite catalyst on the product yields and the qualities of the 
liquid product. The result showed a decrease of more than 25% in the oxygen content of the 
collected liquid with a catalyst than the one without a catalyst. The H/C, O/C molar ratios 
decrease, while the heating value of the oil fraction of the collected liquid increases with the 
catalyst.  
In this chapter, fast pyrolysis of rice husk is carried out in a fluidized bed reactor. The effects 
of catalyst activity on the carbon conversion and the composition of bio-oils are investigated to 
obtain bio-oil with relatively low oxygen content. The catalysts used are Ni/Al2O3, Ni/LY char, 
Dolomite and CoMo/Al2O3. Although CoMo/Al2O3 has been much studied
 5
, it is also chosen 
because the catalyst shows high activity for deoxygenating and improving the bio-oil with high 
yield of hydrocarbon compounds.
6
 The inexpensive catalyst, Dolomite, is used because of its 
property as a heterogeneous catalyst in bio-diesel product, its high activity, selectivity and long 
catalyst lifetime.
 7
 Another study has reported that the deoxygenation of aromatic and aliphatic 
oxygen-containing compounds to the corresponding hydrocarbons can be efficiently performed 
on nickel catalyst.
8
 Our experiment requires neither a high-pressure gas atmosphere, nor a 
complicated reactor or equipment. These advantages in turn reduce the costs to a great extent. 
 
Table 2-1. The properties of the rice husk 
Sample 
Proximate Analysis (wt% ) 
 
Ultimate Analysis (wt%, daf)  
Mar Vd Ad FCd
b
 C H N O
b
 
Rice husk 9.85 60.3 24.4 15.4 40.4 4.70 0.34 54.6 10.6 
M = moisture content; V = volatile matter content; A = ash content; FC = fixed carbon;  
ar=as received; d = air-dried basis; daf = dried ash-free basis 
b =
 
by difference 
  HHV 
(MJ/kg) 
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Table 2-2. BET specific surface areas and pore sizes of catalysts 
 
2.2 Experimental 
     2.2.1 Material. The rice husk used is obtained from Gunma Agricultural Technology Center, 
Meabashi, Gunma, Japan and is sieved to particle sizes between 0.50-1 mm. The high heating 
value (HHV) is determined with a Shimadzu CA-4PJ auto-calculating bomb calorimeter 
(Shimadzu, Kyoto, Japan). The properties of the rice husk are shown in Table 2-1. 
Table 2-2 shows the Brunauer-Emmett-Taylor (BET) specific surface areas and pore sizes of 
Ni/Al2O3 (No. C13-4, Ni 20±2 wt%, Sud-chemie Catalyst Japan, Inc.), Dolomite (Yoshizawa 
Lime Industry Co., Ltd, Japan), CoMo/Al2O3 (No. C20-6, Co 2.6, Mo 9.0, S 0.5 wt%, Catalyst 
and Chemical Inc., Far East) and Ni/LY char (Nickel-loaded Loy Yang brown coal char, Ni 9±2 
wt%), each of which is mixed with sand (density of 1400 kg/m
3
) and  used as bed materials. The 
preparation of the Ni/LY char is described previously.
 9
 These catalysts are ground, sieved to 
0.25-0.50 mm particle size before use, and then characterized by nitrogen sorption analysis. 
2.2.2 Experiment set-up. The experimental apparatus of the pyrolysis system in this study is 
shown Figure 2-1. The set-up mainly consists of a fluidized bed reactor (30 mm i.d., and 400 
mm long), pressure control, accumulative flow meter, electric furnace, feed hopper, temperature 
control, K-type thermocouple, stripper heat, ice-traps and gas bag. A porous plate at the bottom 
Catalyst Pore size (nm) 
 
BET area (m
2
/g) 
 
Ni/Al2O3 
Ni/LY 
Dolomite 
CoMo/Al2O3 
Sand 
 
              9.23 
              2.97 
              24.8 
              9.10 
15.8 
 
104 
348 
29 
230 
1.7 
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of the reactor is used to support bed material and provide uniform distribution of the fluidizing 
gas. The reactor uses sand with a particle size of 0.09-0.25 mm, or its mixture with a catalyst as 
bed material, and pure nitrogen and hydrogen (99.99%) as fluidizing gases. The flow rates of 
nitrogen and hydrogen are controlled with an accumulative flow meter. An electric furnace is 
used to supply the heat needed in the pyrolysis reactor. The temperature of the connecting pipe 
between the reactor and the ice-traps are maintained at approximately 200 °C to prevent tar 
condensation. The ice-traps are filled with methanol to capture bio-oil product. The non-
condensable gas is collected with a gas bag for analysis. 
2.2.3 Procedure and product collection.  A series of initial experiments with sand mixed 
with the catalyst (sand/catalyst ratio of 2:1) as bed materials are performed to determine 
pyrolysis parameters on carbon conversion of rice husk and bio-oil yield.  Both rice husk and 
sand are dried for 24 hours at 107 °C. The conditions are set as follows: a static bed height of 7 
cm, heating rate of 10 °C/min, temperature of 650 °C, fluidizing gas flow rate of 2 L/min, gas 
residence time (GRT) of 2.5 s, gas hourly space velocity (GHSV) of 3033 h
-1
 and 
feedstock/catalyst ratio of 1:8. To ensure the stability of Ni/LY char, the blank experiment is 
pyrolyzed under hydrogen atmosphere at the same conditions as previously state but without rice 
husk.  
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Figure 2-1. A schematic diagram of the fluidized bed reactor system 
 
The result shows that no bio-oil is observed which indicates that the Loy Yang brown coal 
char is not involved in the reactions of the hydropyrolysis process. At the beginning of each test, 
the bed material and catalyst are placed in the reactor and 3 g of rice husk is placed in the feed 
hopper with nitrogen flowing through the system at 1.5 L/min for 15 min to guarantee an inert 
atmosphere during the experiment. After 15 min, the furnace starts to heat the reactor which is 
being controlled to the final temperature according to the K-type thermocouple. After the 
temperature in the reactor reaches the final temperature, nitrogen is switched to hydrogen at the 
final flow rate and the feedstock is directly added to the bed materials once. Afterward, bio-oil 
product is collected with ice-traps. Non-condensable gas is continuously collected with a gas bag 
every 10 min. The experiment is carried out for 20 min. After which char is separated from the 
bed materials and weighted. The methanol in the ice-traps is drained and evaporated at 70 °C so 
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as to obtain the bio-oil. The derived bio-oil in a heterogeneous phase comprises aqueous and 
heavy organic phases. However, the quantity of the bio-oil is so small that the phase separation 
is difficult. The characteristics of the bio-oil, therefore, are analyzed with the oil in its 
homogenous phase. 
     2.2.4 Product analysis.  
          2.2.4.1 Elemental composition analysis. The elemental content of the bio-oils was 
determined by a Leco CHN-2000 elemental determinator and the HHV was obtained with a 
Shimadzu CA-4PJ auto-calculating bomb calorimeter (Shimadzu, Kyoto, Japan). 
          2.2.4.2 Water content. Water content of bio-oil was analyzed at least twice using a KEM 
MKA-610 Karl-Fischer moisture titration (Kyoto Electronics, Kyoto, Japan). 
          2.2.4.3 GPC Analysis. GPC analysis was carried out to identify the molecular mass 
distributions (MWDs) of the bio-oil with a GPC system (Waters, Milford, MA), consisting of a 
Waters 600 system controller and a Waters 2414 refractive index detector. A Waters Styragel 
HR 4E (7.8 mm x 300 mm) column was used with tetrahydrofurane (THF) as the mobile phase 
with a flow rate 0.5 mL/min at 40 °C. Each bio-oil sample was dissolved in THF and filtered 
before being injected into the system. Molecular weights were calculated from elution time using 
Empower 2 Software (Waters, Milford, MA) and a calibration curve generated with EasiCal PS-
1 polystyrene standards. 
          2.2.4.4 Gas analysis. Gas analysis was carried out using a Shimadzu GC14B GC/FID 
(Shimadzu, Kyoto, Japan) equipped with a methane converter to convet carbon oxides into 
detectable CH4. The gas yield was calculated by sum of gases repeatedly detected by GC/FID at 
least twice.  
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2.3   Results and discussion 
2.3.1 Effect of catalyst. Figure 2-2 shows the effects of different catalysts (Ni/Al2O3, Ni/LY char, 
Dolomite and CoMo/Al2O3) on the carbon conversion and bio-oil products in different gas 
atmospheres. Rice husk is pyrolyzed under the atmospheric pressure of nitrogen using heating 
rate of 10 °C/min, GRT of 2.5 s and temperature of 650 °C. The amount of carbon in the gas and 
bio-oil products of rice husk can be measured by analyzing both respective products.  Char is 
difficult to collect, so the amount of carbon in char is estimated by a different method as follows: 
                                Cchar  = 100 - (Cgas+Cbio-oil), 
 
where Cchar is the amount of carbon in char, Cgas is the amount of carbon in gas, Cbio-oil is the 
amount of carbon in bio-oil. Figure 2-2a shows a detailed carbon conversion of rice husk. Cchar 
and Cbio-oil decrease with catalysts whereas Cgas increases, which is mainly attributed to be 
predominately through the secondary cracking of the primary pyrolysis vapors with the use of a 
catalyst (Eq. 1). 
10
 
 
              Tar            CO + H2 + CO2 + CH4 + C2H4 + Other hydrocarbons                          (1) 
 
 
The hydrocarbon gases (alkane and alkene), CO and CO2 have been reported to be the main 
gases from the catalytic upgrading of biomass vapors.
3
 The main aim of this experiment is to 
study the effect of catalysts on reducing the oxygen content of bio-oil and increasing light 
aromatic and aromatic hydrocarbons through the selectivity and activity of catalysts.  
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Figure 2-2. Effect of catalyst on a) carbon conversion of rice husk (wt%) 
b) water content in bio-oils (wt%) 
 
The water content from different catalysts is shown in Figure 2-2b. The results show that under 
pyrolysis using catalysts, the bio-oil yields decrease whereas their water content slightly increase in the 
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presence of catalysts. The bio-oil yield decreases from 45.5% without catalyst to 27.6%, 33.6%, 28.8% 
and 25.6% for Ni/Al2O3, Ni/LY char, Dolomite and CoMo/Al2O3, respectively. There are 
comparisons of two active metal catalysts, i.e. Ni/Al2O3 (Ni 20±2) and Ni/LY (Ni 9±2). Using 
Ni/Al2O3 catalyst can yield lower bio-oil product than using Ni/LY catalyst. This result indicates 
that the active metal content of the catalyst is important for the progress of the reaction and that 
it is possible to control the product distribution by changing the %Ni content of the catalyst. In 
case of different active metal catalysts, i.e. Ni/Al2O3, Dolomite and CoMo/Al2O3, there is a 
decrease in the bio-oil yield with increasing the BET specific surface area and decreasing the 
pore size of catalysts (Table 2). The large specific surface area implies that there is a large 
surface available for reactions to occur simultaneously, which is reflected in an increase in the 
catalyst activity.
20
 It can be concluded that a higher surface area and a smaller pore size of the 
catalyst significantly influence the bio-oil product yield.  
 
Figure 2-3. The oxygen content and HHV of bio-oils 
 
As shown in Figure 2-3, the oxygen content of bio-oil decreases from 33.8% without catalyst to 
32.6%, 27.6%, 30.1% and 24.9% with Ni/Al2O3, Ni/LY char, Dolomite and CoMo/Al2O3, 
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respectively, whereas their water content tend to increase as shown in Figure 2-2b. This result is 
due to the conversion of oxygen to form H2O and a gas product in catalytic pyrolysis. This trend 
can be explained according to William et al.
3
 with the fact that biomass catalytic fast pyrolysis 
under nitrogen atmosphere is separated into 2 processes: primary pyrolysis of biomass and 
catalytic cracking of primary organic vapors. 
In the primary pyrolysis process, biomass produces gas, char and primary organic vapors with 
thermal pyrolysis. Temperature is the most important parameter influencing the product yield 
distribution in the primary pyrolysis. After the primary organic vapors are released, the vapors, which 
consist mainly of heavy oil fraction, are absorbed by the active surface of the catalyst and cracked into 
light vapors. The light vapors then undergo a series of reactions such as deoxygenation and cracking to 
form H2O, CO2, CO, alkane, alkene and aromatic hydrocarbons. These reactions would result in a 
decrease in oil vapors and an increase in H2O, CO2, CO, alkane, alkene as shown in Figure 2-4. 
 
 
Figure 2-4. Effect of catalyst on gas composition 
 
The conversion of oxygen in the pyrolysis oil to CO, CO2 and H2O has been reported as the 
primary conversion oxygen species for catalytic upgrading.
12
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char to decrease the oxygen content of bio-oil is greater than that of Ni/Al2O3 and the result 
could be explained by the fact that the specific surface area of Ni/LY char is larger than that of 
Ni/Al2O3 (see Table 2-2). Larger surface area might enhance the secondary reaction of 
intermediates, such as repolymerization and aromatization, to decrease oxygen content with 
more hydrocarbon compounds produced.
13
 In Figure 2-3, the lower oxygen content of bio-oils 
are obtained in the presence of Ni/LY char and CoMo/Al2O3, which are 27.6 % and 24.9 %, 
respectively. The decrease of oxygen content in bio-oil contributes to a remarkable increase in 
HHV. The HHV of the bio-oils with Ni/LY char and CoMo/Al2O3 are close to that of heavy fuel 
oil (40 MJ/Kg).
14
 These results indicate that bio-oil obtained with Ni/LY char and CoMo/Al2O3 
under nitrogen atmosphere in this study could potentially be used as liquid fuel and chemical 
feedstock.     
Yakovlev et al.
15
 have studied the development of a new catalytic system to upgrade bio-fuel 
production from bio-crude-oil and biodiesel. The results showed that using catalysts, the oxygen-
containing compounds, such as aliphatic and aromatic oxygenates, are converted to CO, CO2 and 
H2O by deoxygenation process increasing hydrocarbons in bio-fuel product. Meanwhile, there 
have been reports that the Ni-based catalysts play a supportive role in catalytic treatment of 
oxygen-containing compounds and that the non-sulfide natural catalysts can be used for 
improving the bioliquid product with low sulfur content.
 
2.3.2 Molecular weight distribution. The weight-average molecular weight (Mw) and 
number-average molecular weight (Mn) of bio-oils derived from fast pyrolysis of rice husk 
different catalysts is shown in Table 2-3. The ratio of Mw to Mn is presented as polydispersity 
(D), a measure of distribution of molecular weight which indicates the homogeneity and 
complexity of the fragment in bio-oil. Although the molecular weight distribution of the 
pyrolysis oils with and without catalysts are almost uniform, the Mn‘s and Mw‘s with catalyst are 
slightly lower than that without, which results in less complex bio-oils. In the case of pyrolysis 
57 
 
without catalyst, the polydispersity increases, indicating that bio-oil contains more complex and 
higher molecular weight compounds. With catalysts, the polydispersity of bio-oils shows a slight 
decrease, suggesting that thermocracking of rice husk with catalysts reduces more complex and 
higher molecular weight compounds while increasing less complex bio-oils or low molecular 
weight compounds in bio-oils. 
     The results obtained suggest that the action of selective catalysts would probably favor the 
breakdown of heavy organic compounds and the formation of lighter compounds. In other words, 
after the primary pyrolysis releases the vapors which consist of many heavy organic fractions, 
the vapors are absorbed by the active surface of the catalyst and then cracked into light 
compounds. These reactions would result in a decrease in oil yield and an increase in gas and 
water yields.
 16
  
 
Table 2-3.  Molecular weight distribution of bio-oils from rice husk 
 
 
Sample Mn   Mw Mw/Mn (Polydispersity) 
 
Pyrolysis     
 
Non- catalyst 288  589 2.04 
 
Ni/Al2O3 260  539 2.07 
 
Ni/LY 251  467 1.79 
 
Dolomite 250  400 1.60 
 
CoMo/Al2O3 272   552 2.02 
 
A better result is obtained with CoMo/Al2O3, showing that sulfide catalyst is active to 
catalyze deoxygenation. More light hydrocarbons and aromatic hydrocarbons are obtained due to 
the cracking of oxygen compounds in bio-oil to produce aromatic hydrocarbons through 
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catalytic cracking route.
17 
The light hydrocarbons can be obtained through catalytic cracking 
process. Biomass can be cracked under nitrogen stream, after which the cracked products are 
absorbed by catalyst for the secondary reaction of heavy organic vapors to form lighter products, 
such as light aliphatic and aromatic hydrocarbons.
 
 This result is very interesting since it 
indicates that pyrolysis using catalyst strongly promotes the devolatilization of biomass, 
especially the conversion to light hydrocarbons with catalysts 
18 
such as CoMo/Al2O3 and Ni/LY 
char. 
An interesting result is that of Ni/LY char and a plausible explanation is that Ni catalyst 
catalyzes the deoxygenation of oxygenated compounds or, in other words, it inhibits the 
formation or degradation of phenol.
 19 
Nickel can considerably help decrease the deoxygenation 
process cost.
 15 
It can be concluded that Ni/LY char is also an interesting alternative since it can 
be used to improve the quality of bio-oil product.  
These results indicate that the pyrolysis with catalysts gives light oil with low heteroatom 
content. Furthermore, these suggest that the outcome in terms of oxygen removal in bio-oil, 
although structurally different depending upon the type of catalyst used, could be achieved for 
biomass pyrolysis. 
2.4 Summary 
Fast pyrolysis of rice husk is investigated using a fluidized bed reactor with different catalysts. 
The results reveal that a lower molecular weight and low oxygen content of bio-oils are obtained 
with pyrolysis using catalyst.  Catalysts are used in this study to decrease the oxygen content of 
the bio-oils. Best results are obtained with Ni/LY char and CoMo/Al2O3; this is possibly due to 
the ability of these catalysts to promote the deoxygenation of primary pyrolysis vapors, 
producing bio-oils containing lower amounts of oxygen content of about 27.6% and 24.9%, 
respectively. However, Ni/LY char is deemed more favorable than CoMo/Al2O3 in terms of the 
production cost of the bio-oil. 
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Chapter 3 
Fast Pyrolysis of Rice Husk under a Hydrogen Atmosphere 
 
3.1 Introduction 
     The agriculture residues such as rice husk, rice straw and corn are important source biomass 
for renewable-energy product though thermal or biological conversion. While direct combustion 
of biomass is that much of the energy is wasted and that it can cause some pollution if it is not 
carefully controlled. Using advanced techniques, such as pyrolysis has attracted significant 
interest for biomass, from which bio-oil is the preferred product having a great potential for use 
as fuel oil in industry, or as transport fuel. Fast pyrolysis refers to pyrolysis at temperatures of 
about 400-500 °C, with very high heating rates (>10
3
 °C/s) and short vapor residence time (>2s), 
which can maximize the conversion of biomass into liquid (bio-oil) products. Many researchers 
have conducted studies on the effects of pyrolysis parameters on product yields in a fluidized 
bed and these studies showed that the optimal operating conditions for relatively high bio-oil 
yield depended on parameters of the process. 
1, 2
   Although fast pyrolysis can produce a yield of 
bio-oil, it cannot be used directly as fuel because it extremely high oxygen content which 
relatively poor storage stability characteristics. 
3
 
To obtain the principal products of bio-oil, the pyrolysis under hydrogen pressure 
(hydropyrolysis) can be used. 
4
 Bolton et al. reported that the thermal decomposition of coal 
under hydrogen pressure is potentially an attractive route to provide a chemical feedstock and 
potential liquid fuel. 
5
 Putun et al. also reported that pyrolysis oil obtained from hydropyrolysis 
of biomass have considerably lower oxygen content than those from normal pyrolysis under inert 
gas. 
6
 The hydropyrolysis process can be divided into 2 steps. In the first step, the sample is 
decomposed by heating and then releases volatile matters, aromatic fragment and free radicals. In 
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the second reaction step, hydrogen interacts with the primary pyrolysis vapors to produce gas, 
bio-oil and char products. In this work, fast hydropyrolysis of rice husk was carried out in a 
fluidized reactor. The effects of operating parameters at different hydrogen pressure, gas 
residence time (GRT), gas hourly space velocity (GHSV) and temperature were performed to 
determine the optimal conditions for bio-oil product.  
 
3.2   Experiment 
     3.2.1 Material 
     There is no significant sample preparation in this study. As mentioned in the chapter 2, rice 
husk sample was prepare and used in the hydropyrolysis of rice husk to study the effect of 
parameter conditions on the bio-oil product.    
     3.2.2 Procedure and product collection 
      The hydropyrolysis of rice husk was performed in a fluidized bed reactor (see Figure 2-1 in 
Chapter 2). The hydrogen pressure of 0, 0.05, 0.075 and 0.1 MPa on the oxygen content and the 
product distribution were examined, after that the hydropyrolysis temperature of 400, 500, 550 
and 600 °C, the GHSV of 4891, 3498 and 2448 h
-1
 at various GRT of 3.6, 2.7 and 2.2 s all 
without catalyst were investigated to obtain the optimal condition for the bio-oil yield. In the first 
step, 3g of rice husk were placed on the feed hopper. Then the sand was placed in the reactor. 
The system was purged with nitrogen at a flow rate of 1.5 L/min for 15 min throughout the 
fluidized reactor to guarantee an inert atmosphere during the experiment. The reactor temperature 
was then controlled to the desired temperature according to K-type thermocouple. After the 
temperature in the reactor reached the final temperature, nitrogen gas was switched to hydrogen 
gas at the final gas flow rate and one shot of feedstock was fed into the material bed. The 
collection of gas and bio-oil products began.  It took 20 min to complete the process during 
which the bio-oil was collected with ice-traps and was separated from methanol by evaporation, 
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at a temperature of 70 °C, so non-condensable gas was collected with the gas bag and char and 
the bed materials were moved from the reactor and weighed. Then non-condensable gas was 
analyzed by GC (Gas chromatography).  
 
3.3   Results and Discussion 
     3.3.1   Effect of hydrogen pressure on product yield 
     The effect of hydrogen pressure on product yield and oxygen content under a temperature of 
500 °C, GRT of 2.7 s, GHSV of 4891 h
-1
 and a heating rate of 10°C/min were given in        
Figure 3-1. 
 
Figure 3-1. Effect of hydrogen pressure on product yields and  
oxygen content of bio-oils 
 
     An increasing the pressure of hydrogen gas, the bio-oil yield decreased whereas the gas yield 
increased. The result could be explained that high pressure of hydrogen gas supported the 
hydrocracking reaction which decomposed the heavy organic vapors from primary pyrolysis to form 
gas product resulting in high gas yield and low bio-oil yield. Although the bio-oil yield decreased 
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with increasing the hydrogen pressure but the low oxygen content of bio-oil was also obtained from 
hydropyrolysis under hydrogen pressure of 0.1 MPa. Therefore, the effect of hydrogen pressure was 
investigated to obtain the bio-oil with relatively low oxygen content in hydropyrolysis process under 
0.1 MPa hydrogen atmospheres. 
     3.3.2 Effect of temperature on product yields.  
     The effect of hydropyrolysis temperature on product yields under GRT of 2.7 s, GHSV of 4891 
h
-1
 and a heating rate of 10 °C/min were given in Figure 3-2.  
 
     Figure 3-2. The effect of temperature on product yields 
 
     The result showed that as the temperature increasing, the bio-oil decreased from 45.3 to 25.9% 
whereas the gas yield increased from 21.3 to 39.9%. Similar results have been obtained by other 
researchers.
7,8
 The decrease of bio-oil yield and increase of gas yield with increasing temperature 
due to at high temperature more primary pyrolysis vapors are produced by heating and are then 
secondary cracked in the hydrogen stream which occurs a partial hydrogenation of aromatic systems 
and then subject to hydrocracking reaction.
9
 This reaction is considered to increase the volatile 
matters, especially the gas yield and reduces the char and bio-oil formations. Another explanation is 
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that at high temperature the primary pyrolysis vapors could also get hydrogenated and become to 
devolatilize resulting in the increase of the gas yield. The char yield was about 26-3% in the range 
of 400-600 °C. The decrease of the char yield with increasing temperature could be due to the 
greater primary decomposition of rice husk or to the secondary decomposition as hydrogasification 
of char residue at high temperature to produce some gas and bio-oil yields.
10
 The bio-oil yield was 
found to be minimum (25.9% of biomass feed) at a temperature of 600 °C and maximum (47.1% of 
biomass feed) at a temperature of 500 °C.  
     3.3.3 Effect of gas residence time (GRT) on product yields.  
     Figure 3-3, the effect of GRT on the product yields was carried out at a temperature of 500°C, 
GHSV of 4891 h
-1
 and heating rate of 10 °C/min.  
 
Figure 3-3. The effect of GRT on product yields 
     The results showed that decrease in GRT first increased and then decreased the bio-oil yield. 
On the other hand, char yield expressed an increasing trend, while the gas yield showed the 
opposite. The result can be explained that low gas flow rate led to longer residence time of char 
particle in the dense bed material which helped maximize the secondary reaction and the good 
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contact between hydrogen gas, sample and sand due to more gas and bio-oil yields whereas low 
char yield were obtained. The maximum bio-oil yield of 47.1% was obtained at GRT of 2.7 s. 
These results can be explained that at high gas flow rate led to decrease of GRT in the reactor 
resulting in the primary organic vapors were removed quickly from reaction zone to minimize 
the secondary reaction (i.e., hydrocracking, repolymerization and characterization) to maximize 
the bio-oil yield, whereas less the gas yield was obtained. Similar results have been reported by 
other researches. 
11,12
 On the other hand, lower GRT, due to short residence time of vapors in bed 
materials, caused some sample particles to receive insufficient time and heat to complete the 
reaction, which subsequently led to less bio-oil and gas yields but greater char yield due to the 
sample particles being carried by fluidizing gas for too quickly. 
13
     
         3.3.4 Effect of gas hourly space velocity (GHSV) on product yields. 
    Figure 3-4, hydropyrolysis experiments were performed at the constant temperature of 500 °C, 
GRT of 2.7 s and heating rate 10 °C to determine the GHSV (4891, 3498 and 2448 h
-1
) on the 
product yields.  
 
   Figure 3-4. The effect of GHSV on product yields 
                                4891                                3498                                2448            h
-1
 
67 
 
     With the decrease of GHSV from 4891 to 2448 h
-1
, the bio-oil and char yields decreased from 
47.1 to 32.1% and 33.6 to 25.0%, respectively whereas the gas yield increased from 19.3 to 
42.9%. The maximum bio-oil yield of 47.1% was obtained at GHSV of 4891 h
-1
. Prior research 
14
 reported that all of the pyrolysis reactions were presented in the dense bed material therefore a 
decreasing the GHSV resulted in longer period time of vapors in bed material due to the great 
contact between hydrogen gas, sample particles, and bed material. On the other hand, longer 
period time increased thermocracking and hydrocracking in the reaction, thus obtaining relatively 
high gas yield and low char and bio-oil yields.             
From the above results, the optimal condition for bio-oil yield of non-catalytic hydropyrolysis 
of rice husk at temperature 500°C was obtained in the fluidizing bed reactor with the GHSV of 
4891 h
-1
and GRT of 2.7 s.  
 
3.4   Summary  
   Fast hydropyrolysis of rice husk was investigated using a fluidized bed reactor for different 
volume fraction of hydrogen gas, temperature, gas flow rate and static bed height. The 
hydropyrolysis under 0.1 MPa of hydrogen gas can produce bio-oil with relatively low oxygen 
content. The optimal hydropyrolysis temperature for the production of bio-oil from rice husk was 
found to be 500 °C, with GRT of 2.7 s. The high GHSV of 4891 h
-1
 was found to be more 
favorable for the production of bio-oil due to the reduce residence time of vapors in bed material, 
maximizing the bio-oil yield at about 47.1 wt.%. 
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Chapter 4  
Effect of Biomass Residues (Rice husk, Coconut shell and Pine) on 
Product Distribution and Composition of Bio-oil 
 
4.1 Introduction 
     Since the energy crisis in the mid-1970 and due to the increasing CO2-content in the 
atmosphere caused by combustion of fussil fuel (Kyoto protocal). 1,2 The energy ultilization from 
biomass resources ( called biomass energy) has receieved considerable attention.3 Biomass, as a 
renewable energy source, has the potential tocontribute to the future energy mix in many 
countries. Besides the direct thermal utilization of biomass, pyrolysis to produce maximize the 
yield of liquid product at the processing conditions of very heating rate (>100 °C/ min) and heat 
transfer rate, finely ground biomass feed (<1 mm), carefully controlled temperature (around 
500 °C) and rapid cooling of the pyrolysis vapors. 4,5 For efficiency, the corresponding 
conversion plants have to use different type. Therefore, a detailed under standing of the pyrolysis 
of different biomasses including product distribution and some important factors of influence e.g 
the composition and properties of the biomass is need. Many research have been published about 
pyrolysis of different type of biomass. 6-10 It was found that althought biomass mainly consists of 
tree main components (hemicelluloses, cellulose and lignin) each sample behave differently 
during pyrolysis. Besides a different composition of the main components the varying inorganic 
salt and content  its composition has been detected as a main reason for the observed different 
pyrolysis rates. For approximately ash free biomass it was found that the difference within a 
biomass a biomass species largely disappeared.
11
 It was also shown, that differences between 
species of nearly ash free deciduous biomass are caused mainly by a different composition with 
respect to the main components. Differences between deciduous and coniferous biomass samples 
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are caused by different degradation stages of the hemicelluloses.
12
 A comprehensive and 
transferable kinetic model for biomass pyrolysis thus can be based on the pyrolysis of the main 
components taking in to account only ash-free sample. The objective of this study is to 
investigate the pyrolysis of different biomass sources to determine the effect of biomass 
composition on the product distribution and bio-oil composition. The experiment was carried out 
at the optimal condition to produce the bio-oil (temperature of 500 °C, gas residence time (GRT) 
of 2.7 s, gas hourly space velocity (GHSV) of 4891 h
-1
 and heating rate of 10 °C/min). 
 
4.2 Experimental 
     4.2.1 Material The rice husk used is obtained from Gunma Agricultural Technology Center, 
Meabashi, Gunma, Japan. The pine is produced from a lumber mill in the Gunma Prefecture, 
Japan and coconut shell sample is obtained from Thailand. These materials are sieved to particle 
sizes between 0.50-1 mm. The high heating value (HHV) is determined with a Shimadzu CA-
4PJ auto-calculating bomb calorimeter (Shimadzu, Kyoto, Japan). The properties of the rice 
husk are shown in Table 2-1(Chapter 2). 
4.2.2 Experiment set-up. The experimental apparatus of the pyrolysis system in this study is 
shown Figure 2-1 in chapter 2. The set-up mainly consists of a fluidized bed reactor (30 mm i.d. 
and 400 mm long), pressure control, accumulative flow meter, electric furnace, feed hopper, 
temperature control, K-type thermocouple, stripper heat, ice-traps and gas bag. A porous plate at 
the bottom of the reactor is used to support bed material and provide uniform distribution of the 
fluidizing gas. The reactor uses sand (density of 1400 kg/m
3
) with a particle size of 0.09-0.25 
mm, or its mixture with a catalyst as bed material, and pure nitrogen and hydrogen (99.99%) as 
fluidizing gases. The flow rates of nitrogen and hydrogen are controlled with an accumulative 
flow meter. An electric furnace is used to supply the heat needed in the pyrolysis reactor. The 
temperature of the connecting pipe between the reactor and the ice-traps are maintained at 
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approximately 200 °C to prevent tar condensation. The ice-traps are filled with methanol to 
capture bio-oil product. The non-condensable gas is collected with a gas bag for analysis. 
4.2.3 Procedure and product collection.  A series of initial experiments with sand is placed 
in the reactor as bed material.  Both rice husk and sand are dried for 24 hours at 107 °C. The 
conditions are set as follows: temperature of 500 °C, GRT of 2.7 s, GHSV of 4891 h
-1
 and 
heating rate of 10 °C/min without catalyst. At the beginning of each test, the bed material is 
placed in the reactor and 3 g of feedstock is placed in the feed hopper with nitrogen flowing 
through the system at 1.5 L/min for 15 min to guarantee an inert atmosphere during the 
experiment. After 15 min, the furnace starts to heat the reactor which is being controlled to the 
final temperature according to the K-type thermocouple. After the temperature in the reactor 
reaches the final temperature, nitrogen is switched to hydrogen at the final flow rate and the 
feedstock is directly added to the bed materials once. Afterward, bio-oil product is collected with 
ice-traps. Non-condensable gas is continuously collected with a gas bag every 10 min. The 
experiment is carried out for 20 min. After which char is separated from the bed materials and 
weighted. The methanol in the ice-traps is drained and evaporated at 78 °C so as to obtain the 
bio-oil. The derived bio-oil in a heterogeneous phase comprises aqueous and heavy organic 
phases. However, the quantity of the bio-oil is so small that the phase separation is difficult. The 
characteristics of the bio-oil, therefore, are analyzed with the oil in its homogenous phase. 
4.2.4   Product analysis. The composition of non-condensable gas is studied with an off-line 
gas chromatography with TCD and FID (GC-14B, Shimadzu Corp.). The composition consists 
of CO, CH4, C2H4 and C2H6. The bio-oil is identified with a Shimadzu‘s GCMS-QP2010 Gas 
Chromatography-Mass Spectrometry (GCMS) equipped with a capillary column coated with 
Rtx-5MS (60 m × 0.25 mm i.d., 0.25 µm film thicknesses) and a quadruple analyzer in electron 
impact mode at 70 eV. Karl Fischer (KEM MKA-610, Kyoto Electronic, Kyoto, Japan) is used 
for analyzing water content in bio-oil, and the elemental composition of the bio-oil is identified 
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with TruSpec CHN Ver. 100 (Leco Co., Ltd). The HHV of the bio-oil is obtained a Shimadzu 
CA-4PJ auto-calculating bomb calorimeter (Shimadzu, Kyoto, Japan). 
 
4.3 Results and discussion 
     4.3.1 Characteristic of the waste sample 
    As listed in Table 4-1, rice husk have high ash contents (24.3 wt.%), while the coconut shell 
and pine have highest volatile matter content. The much higher ash content might have effect in 
the pyrolysis process, which is the global symmetry diffusion mechanism, and the volatile matter 
of this stage is more difficult to come out and high pyrolysis activation energy is observed. The 
heating value of biomass is a very important faction. The highest HHV can be assigned to the 
pine, coconut shell, which has the highest combustible matter and lowest ash content.
13
 
     The lower nitrogen contents should be taken into account because of there are no NOx and 
Sox precursors during the pyrolysis process. Table 4-2, rice husk ash has complex composition, 
which mainly composed of silica, potassium, calcium and phosphorus. The ash is 89.2 wt.% 
silica, highly porous and lightweight. Many researchers have used the rice husk as a feed 
material and found that high char yield was obtained from the thermochemical conversion 
process.
14, 15
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Table 4-1.Main characteristics of biomass wastes fed 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4-2. Ash composition of rice husk 
Sample 
Ash composition (expressed as wt.% of metal oxide) 
SiO2 K2O SO3 Al2O3 CaO Fe2O3 MnO PdO 
RuO2 
Rice husk 89.2 4.02 2.88 2.21 1.31 0.14 0.09 0.08 0.06 
 
Characteristics Rice husk Pine Coconut shell 
Moisture content (wt%, as received) 9.85 9.43 6.21 
Proximate analysis (wt%, dry basis)    
     Volatile matter 60.3 90.6 84.7 
     Fixed carbon 15.3 8.97 14.9 
     Ash 24.4 0.38 0.37 
Ultimate analysis (wt% dry basis)    
     Carbon   40.4 48.6 51.6 
     Hydrogen 4.7 7.02 6.58 
     Nitrogen  0.34 0.30 0.34 
     Oxygen (by different) 
     HHV (MJ/Kg)    
54.6 
10.6 
44.0 
18.0 
41.5 
18.2 
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         4.3.2 Product yields 
 
 
  Figure 4-1. Product distributions from biomass waste samples 
 
     As Figure 4-1 exhibits, the gas yield from pine (23.3 wt.%) and coconut shell (35.0 wt.%) are 
much higher than that from rice husk (19.3 wt.%), implying that organic matter in pine and 
coconut shell are more reactive to produce gas product that in rice husk during the pyrolysis. The 
bio-oil yields from rice husk, pine and coconut shell are 47.1, 64.5, and 52.1%, respectively. 
Significantly higher bio-oil yield from pine and coconut shell than that from rice husk suggest 
that pine and coconut shell much more thermally labile components than that rice husk to 
produce bio-oil during pyrolysis. The char yield of rice husk is quite high compared with pine 
and coconut shell. This may be link to the rice husk have high ash content indicates there is a 
high mass function of incombustible material which favor the charring reaction resulting in high 
char yield is obtained from pyrolysis process of rice husk. 
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     4.3.3   Gas composition 
     As presented in Figure 4-2, the gas compositions from different wastes sample are quite 
different. CO and CO2 are main gaseous product from all the waste sample.  
 
 
 
Figure 4-2. Gas composition from biomass waste samples 
 
     CO2 is the predominant gaseous product from pine and coconut for 46.9 and 49.7%, 
respectively, while CO2 account for 31.6% in the gas product from rice husk. This result 
suggested that pine and coconut contain more carboxylic group, which are easily pyrolysis to 
CO2 in the precursors of the gas product. In the gaseous products, CO content from 
corresponding waste samples decreases in the order rice husk > pine > coconut. The 
hydrocarbon gases from rice husk are significantly higher than those from pine and coconut, 
resulting in much higher LCV value of gaseous. 
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     4.3.4   The oxygen content and HHV of bio-oils 
 
Figure 4-3. The oxygen content and HHV of bio-oil from different biomasses 
 
     The oxygen content and HHV of bio-oils with different biomass are showed in Figure 4-3. 
The highest oxygen content of bio-oil is obtained from rice husk with 32.1%, while the oxygen 
content accounts for 28.1 and 29.9% of bio-oil from pine and coconut shell, respectively. This 
result suggesting that rice husk have high oxygen content (see Table 4-1), leading to much more 
oxygenated compounds were produce during the pyrolysis process. The high oxygenated 
compounds in bio-oil caused high viscosity, poor thermal and chemical stability, corrosively and 
immiscibility with hydrocarbon fuel.
16
 The oxygen content of bio-oils decreased, whereas the 
higher heating value of bio-oil increases. The HHV of pine and coconut shell are higher than rice 
husk due to its high carbon content, while rice husk has the lowest HHV, which can be ascribed 
to its low carbon content and high oxygen content (see Table 4-3). Comparison the HHVs of 
bio-oil in this study (rice husk, pine, coconut shell) and other research
17-19
, the results found that 
the HHV of bio-oils from these experiments are higher than that of other research. It could be 
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conclude that hydropyrolysis process can improve the quality of bio-oil to level suitable for 
potential liquid fuel.  
Table 4-3. Elemental analysis of bio-oils at different biomass resources. 
Sample 
 (wt.%, dry basis)   
C H O
a
 N 
Rice husk 60.6 7.01 32.1 0.35 
Pine 63.35 6.36 28.1 0.32 
Coconut shell 65.28 6.13 29.9 0.45 
a = by different 
     4.3.5   Functional group of bio-oils 
 
Figure 4-4. FTIR spectra of bio-oil from different biomass  
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    The FT-IR spectra of rice husk, pine and coconut shell are showed in Figure 4-4. The 
spectrum of rice husk have a strong absorbance in the region between 3600 and 3200 cm
-1
, 1750 
and 1650 cm
-1 
and 1300 and 900 cm
-1
, which indicated the oxygenated compounds, such as 
phenols, alcohols, esters, carboxylic acids , ketones and aldehydes. However, these oxygenated 
compound peak area are also showed in the bio-oil obtained from pine and coconut shell but the 
quantity is lower than that from rice husk. For the non-oxygenated compound, the C-H 
stretching vibrations between 2800 and 3000 cm
-1
. Deformation vibration between 1350 and 
1475 cm
-1
, absorption peak between 1575 and 1625 cm
-1
 and between 675 and 900 cm
-1
 
indicating alkane and alkene have been detected but displayed low absorbance in all of bio-oils. 
According to the research work, the absorbance assignments can be summarized in Table 4-4. 
 
Table 4-4. FT-IR functional groups of the bio-oils. 
Wavenumber 
(cm
-1
) 
Group Class of compound 
Absorbance intensity 
Rice husk Pine 
Coconut 
shell 
3600-3200 
3000-2800 
1750-1650 
1625-1590 
1550-1490 
1470-1350 
1300-950 
 
900-700 
O-H stretching 
C-H stretching 
C=O stretching 
C=C stretching 
Stretching aromatic ring 
C-H bending 
C-O stretching 
O-H bending 
Substituent in aromatic ring 
phenol and alcohol 
alkane 
ketone and aldehyde 
alkene 
aromatic 
alkane 
alcohol and ether 
 
aromatic ring 
VS 
S 
S 
W 
VW 
O 
VS 
 
VW 
S 
VW 
W 
W 
VW 
VW 
O 
 
VW 
S 
VW 
W 
W 
VW 
VW 
S 
 
VW 
VS: very strong; S; Strong; O: ordinary; W; weak; VW; very weak; N: none. 
79 
 
      4.3.6   The composition of bio-oils  
      Bio-oils were very complex mixture of organic compounds and consist of different 
chemicals with wide ranging molecular weight distribution. Table 4-5 indicated the distributions 
of group components detected in bio-oil. The composition of bio-oil different depends on the 
source of biomasses and the condition of pyrolysis process.  Aliphatic is important compound in 
the view of the application of the bio-oil as a fuel. In these experiments, aliphatic and aromatic is 
only found with a small part in the bio-oil obtained from rice husk and pine, respectively. The N-
compounds in bio-oil from rice husk, pine and coconut shell are low compared with the bio-oils 
obtained from sewage sludge and pig compose, leading to low NOx emissions when the bio-oils 
are used as fuel. The large part of the component that was found in the bio-oils, are the 
oxygenated compounds. The oxygenated compounds can be group into the following classes of 
compounds: Acids such as propanoic acid and acetic acid; Alcohols which include glycerin and 
1, 2-cyclohexanediol; Ether such as 5-methylfurfural and dimethoxytetrahydrofuran; Ketones 
such as cyclopenten-1- one, 5H-furan-2-one and 2-acetylfuran; Phenol and its derivatives such 
as benzene-1, 2-diol, 2-ethylphenol and 4-methoxyphenol. The large part of oxygenated 
compounds was found in the bio-oil from rice husk, Pine and coconut shell are phenol (see Table 
4-5). The presence of phenol could be explained by the fact that phenol and their derivatives 
were formed during the secondary pyrolysis of lignin, which was main abundant component in 
biomass. The presence of oxygenated compounds seems to be the reason for the poor quality of 
the bio-oil as a liquid fuel. Therefore removing oxygenated compound from bio-oil is necessary 
for using bio-oil as a liquid fuel 
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   Table 4-5. Distributions of group components detected in the bio-oils 
Group component RA (% area) 
Rice husk Pine Coconut shell 
Aliphatic 
Aromatic 
Benzenes derivative  
Total 
 
Oxygenated compounds 
Carboxylic acid 
Ketones 
Ethers 
Esters 
Aldehydes 
Phenols 
Alcohols 
Total 
 
N-compounds 
Other 
 
0.33 
 
0 
0.33 
 
 
3.23 
25.4 
12.4 
6.13 
5.40 
28.4 
8.29 
89.3 
 
5.86 
4.85 
 
0 
 
0.82 
0.82 
 
 
4.28 
11.2 
6.13 
7.42 
21.8 
23.9 
10.6 
85.3 
 
2.36 
12.4 
0 
 
0 
0 
 
 
6.69 
13.2 
1.98 
4.5 
18.1 
41.7 
8.23 
94.4 
 
5.07 
0.49 
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Table 4-6. Main compounds identified in bio-oils from pyrolysis of biomasses 
No Compound Formula Rice husk 
 
Pine 
 
Coconut 
shell 
1 1-hydroxypropan-2-one C3H6O2 - √ √ 
2 propane-1,2,3-triol C3H8O3 √ √ √ 
3 methyl 2-oxopropanoate C4H6O3 √ √ √ 
4 Dimethoxytetrahydrofuran C6H12O3 √ √ √ 
5 Cyclopent-2-en-1-one C5H6O √ - - 
6 2-furanmethanol C5H6O2 √ √ - 
7 5H-furan-2-one C4 H4 O2 √ - - 
8 Phenol C6H6O √ √ √ 
9 1,2-cyclopentanedione C5H6O2 √ √ √ 
11 Methylphenol C7H8O √ √ √ 
12 Methoxyphenol C7H8O2 - √ √ 
13 Dihydrobenzofuran C8H8O √ - √ 
14 2-methoxy-4-methylphenol C8H10O2 √ √ √ 
15 Dimethylphenol C8H10O √ - √ 
16 4-Ethyl-2-methoxy-pheno C9H12O2 √ √ √ 
17 Propylguaiacol 
 
C10H14O2 √ √ √ 
18 4-Hydroxy-3-
methoxybenzaldehyde 
C8H8O3 √ √ - 
19 2-methoxy-4-(prop-1-en-1-
yl)phenol 
 
 
C10H12O2 √ - - 
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20 2,6-dimethoxy-4-prop-2-
enylphenol 
C11H14O3 √ - √ 
21 1-(4-hydroxy-3-
methoxyphenyl)ethanone 
C9H10O3 - √ - 
22 2-methoxy-4-propylphenol C10H14O2 √ - - 
23 Allose C6H12O6 √ √ √ 
( √ ) = available; ( - ) = weak or absent  
 
4.4   Summary 
     In this study, fast pyrolysis experiments of three biomasses including rice husk, pine and 
coconut shell were conducted in fluidized reactor. The results demonstrates that preparation of 
bio-oils in high yield and higher heating value of bio-oils from rice husk, pine, coconut shell can 
be achieved with hydropyrolysis process. The chemical composition of bio-oil different depends 
on the source of biomass. However, it was note that the bio-oil product contains a significant 
amount of oxygen (>28%). The FT-IR and GC-MS analysis showed that the main compounds of 
bio-oils from three biomasses are carboxylic acid, phenol, alcohol and branched oxygenated 
hydrocarbons. It is necessary that the resultant bio-oil product would need further processing to 
remove the condensed water and oxygen content for chemical and /or biofuel production. 
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Chapter 5 
Effect of Different Catalysts on Product Distribution and Composition 
of Bio-oil  
 
5.1 Introduction 
     Pyrolysis is one of thermochemical processes, which convert the solid biomass in to liquid 
(bio- oil), gas, and char. Biomass pyrolysis converts essentially 80–95% of the feed material to  
gases and bio-oil. The pyrolysis process is to be optimized to maximize the production of liquids 
(tar and bio-oil).  The liquid products have high energy density, ease of fuels similar to refined 
premium-grade fuels transportation and storage. The possible route to produce chemical 
feedstock and synthetic fuel is hydropyrolysis using catalyst.
1 
Rocha et al.
2
 studied the 
production of bio-oil with relatively low oxygen content with hydropyrolysis in the fixed bed 
reactor using NiMo/γ-Al2O3 catalyst at 400 °C. They found that increasing the hydrogen 
pressure from 2.5 MPa to 10 MPa decreases the oxygen content of the oil from over 20% to 10% 
w/w, and that the bio-oil becomes increasingly aromatic hydrocarbons as more oxygen is 
removed. Takarada et al.
3
 studied coal hydropyrolysis in a powder particle fluidized bed at 
atmospheric pressure with CoMo/Al2O3 catalyst particles or silica sand particles as fluidized 
particles and found that the yield of light aromatic hydrocarbons with CoMo/Al2O3 as fluidized 
particles at 590°C with a 10 cm of bed height is greater than that with silica sand. Moreover, 
hydrocarbon liquids with a narrow product distribution such as BTX (benzene, toluene and 
xylene) and naphthalene are obtained. However, until now, the knowledge regarding low oxygen 
content bio-oil from catalytic fast pyrolysis is very limited and few works have been issued on 
the effect of gas atmosphere on the chemical composition of the bio-oil from catalytic fast 
pyrolysis of biomass.  
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    In this chapter, fast hydropyrolysis of rice husk is carried out in a fluidized bed reactor. The 
effects of the gas atmosphere and different catalysts on the carbon conversion and the 
composition of bio-oils are investigated to obtain bio-oil with relatively low oxygen content. The 
catalysts used are Ni/Al2O3, Ni/LY char, Dolomite and CoMo/Al2O3. 
 
5.2 Experimental 
     5.2.1 Material. The rice husk used is obtained from Gunma Agricultural Technology Center, 
Meabashi, Gunma, Japan and is sieved to particle sizes between 0.50-1 mm. The high heating 
value (HHV) is determined with a Shimadzu CA-4PJ auto-calculating bomb calorimeter 
(Shimadzu, Kyoto, Japan). The properties of the rice husk are shown in Table 2-1 (Chapter 2). 
Table 5-1 shows the Brunauer-Emmett-Taylor (BET) specific surface areas and pore sizes of 
Ni/Al2O3 (No. C13-4, Ni 20±2 wt%, Sud-chemie Catalyst Japan, Inc.), Dolomite (Yoshizawa 
Lime Industry Co., Ltd, Japan), CoMo/Al2O3 (No. C20-6, Co 2.6, Mo 9.0, S 0.5 wt%, Catalyst 
and Chemical Inc., Far East) and Ni/LY char (Nickel-loaded Loy Yang brown coal char, Ni 9±2 
wt%), each of which is mixed with sand (density of 1400 kg/m
3
) and  used as bed materials. The 
preparation of the Ni/LY char is described previously.
 4
 These catalysts are ground, sieved to 
0.25-0.50 mm particle size before use, and then characterized by nitrogen sorption analysis. 
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Table 5-1. BET specific surface areas and pore sizes of catalysts 
 
5.2.2 Experiment set-up. The experimental apparatus of the pyrolysis system in this study is 
shown Figure 2-1 (Chapter 2). The set-up mainly consists of a fluidized bed reactor (30 mm i.d., 
and 400 mm long), pressure control, accumulative flow meter, electric furnace, feed hopper, 
temperature control, K-type thermocouple, stripper heat, ice-traps and gas bag. A porous plate at 
the bottom of the reactor is used to support bed material and provide uniform distribution of the 
fluidizing gas. The reactor uses sand with a particle size of 0.09-0.25 mm, or its mixture with a 
catalyst as bed material, and pure nitrogen and hydrogen (99.99%) as fluidizing gases. The flow 
rates of nitrogen and hydrogen are controlled with an accumulative flow meter. An electric 
furnace is used to supply the heat needed in the pyrolysis reactor. The temperature of the 
connecting pipe between the reactor and the ice-traps are maintained at approximately 200 °C to 
prevent tar condensation. The ice-traps are filled with methanol to capture bio-oil product. The 
non-condensable gas is collected with a gas bag for analysis. 
5.2.3 Procedure and product collection.  A series of initial experiments with sand mixed 
with the catalyst (sand/catalyst ratio of 2:1) as bed materials are performed to determine 
pyrolysis parameters on carbon conversion of rice husk and bio-oil yield.  Both rice husk and 
sand are dried for 24 hours at 107 °C. The conditions are set as follows: a static bed height of 7 
Catalyst Pore size (nm) 
 
BET area (m
2
/g) 
 
Ni/Al2O3 
Ni/LY 
Dolomite 
CoMo/Al2O3 
Sand 
 
              9.23 
              2.97 
              24.8 
              9.10 
15.8 
 
104 
348 
                       29 
230 
1.7 
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cm, heating rate of 10 °C/min, temperature of 650 °C, fluidizing gas flow rate of 2 L/min, gas 
residence time of 2.5 s, gas hourly space velocity (GHSV) of 3033 h
-1
 and feedstock/catalyst 
ratio of 1:8. To ensure the stability of Ni/LY char, the blank experiment is pyrolyzed under 
hydrogen atmosphere at the same conditions as previously state but without rice husk.  
The result shows that no bio-oil is observed which indicates that the Loy Yang brown coal 
char is not involved in the reactions of the hydropyrolysis process. At the beginning of each test, 
the bed material and catalyst are placed in the reactor and 3 g of rice husk is placed in the feed 
hopper with nitrogen flowing through the system at 1.5 L/min for 15 min to guarantee an inert 
atmosphere during the experiment. After 15 min, the furnace starts to heat the reactor which is 
being controlled to the final temperature according to the K-type thermocouple. After the 
temperature in the reactor reaches the final temperature, nitrogen is switched to hydrogen at the 
final flow rate and the feedstock is directly added to the bed materials once. Afterward, bio-oil 
product is collected with ice-traps. Non-condensable gas is continuously collected with a gas bag 
every 10 min. The experiment is carried out for 20 min. After which char is separated from the 
bed materials and weighted. The methanol in the ice-traps is drained and evaporated at 70 °C so 
as to obtain the bio-oil. The derived bio-oil in a heterogeneous phase comprises aqueous and 
heavy organic phases. However, the quantity of the bio-oil is so small that the phase separation 
is difficult. The characteristics of the bio-oil, therefore, are analyzed with the oil in its 
homogenous phase. 
     5.2.4 Product analysis.  
          5.2.4.1 Elemental composition analysis. The elemental content of the bio-oils was 
determined by a Leco CHN-2000 elemental determinator and the HHV was obtained with a 
Shimadzu CA-4PJ auto-calculating bomb calorimeter (Shimadzu, Kyoto, Japan). 
          5.2.4.2 Water content. Water content of bio-oil was analyzed at least twice using a KEM 
MKA-610 Karl-Fischer moisture titration (Kyoto Electronics, Kyoto, Japan). 
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          5.2.4.3 GC/MS analysis. GC/MS analysis was used to identify composition of bio-oil. 
Each bio-oil sample was dissolved in methanol and ca. 1 µL of the solution was analyzed with a 
Shimadzu GCMS-QP2010 GC/MS (Shimadzu, Kyoto Japan), equipped with a capillary column 
coated with Rtx-5MS (60m x 0.25 mm) i.d., 0.25 µm film thickness) and a quadrupole analyzer 
in electron impact mode at 70 eV. Data were acquired and processed using GCMS Solution 
software (Ver. 2.53, Shimadzu, Kyoto, Japan). The compounds were identified by comparing 
mass spectra with NIST08 library data. A semi-quantity analysis was performed according to 
each peak area to determine the compound distribution.  
          5.2.4.4 GPC Analysis. GPC analysis was carried out to identify the molecular mass 
distributions (MWDs) of the bio-oil with a GPC system (Waters, Milford, MA), consisting of a 
Waters 600 system controller and a Waters 2414 refractive index detector. A Waters Styragel 
HR 4E (7.8 mm x 300 mm) column was used with tetrahydrofurane (THF) as the mobile phase 
with a flow rate 0.5 mL/min at 40 °C. Each bio-oil sample was dissolved in THF and filtered 
before being injected into the system. Molecular weights were calculated from elution time using 
Empower 2 Software (Waters, Milford, MA) and a calibration curve generated with EasiCal PS-
1 polystyrene standards. 
          5.2.4.5 Gas analysis. Gas analysis was carried out using a Shimadzu GC14B GC/FID 
(Shimadzu, Kyoto, Japan) equipped with a methane converter to convet carbon oxides into 
detectable CH4. The gas yield was calculated by sum of gases repeatedly detected by GC/FID at 
least twice.  
 
5.3   Results and discussion 
5.3.1 Effect of pyrolysis atmosphere. Figure 5-1 illustrates how gas atmospheres affect the 
carbon conversion of rice husk. The pyrolysis is carried out under nitrogen and hydrogen 
atmospheres at atmospheric pressure with temperature of 650°C using silica sand (SiO2) as 
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fluidizing particles without catalyst. The amount of carbon in the gas and bio-oil products of rice 
husk can be measured by analyzing both respective products.  Char is difficult to collect, so the 
amount of carbon in char is estimated by a different method as follows: 
 
                                Cchar  = 100 - (Cgas+Cbio-oil), 
 
where Cchar is the amount of carbon in char, Cgas is the amount of carbon in gas, Cbio-oil is the 
amount of carbon in bio-oil. Cchar and Cbio-oil decrease in the presence of hydrogen. However, 
using hydrogen as gas atmosphere increases Cgas markedly compared to using nitrogen. 
Consistent with the result by Zhang et al. 
5
 who studied biomass fast pyrolysis in fluidized bed 
reactor under nitrogen and hydrogen atmospheres, they found that the liquid yield decreases 
from 57.1 wt% under nitrogen atmosphere to 56.4 wt% under hydrogen atmosphere, whereas the 
pyrolysis under H2 atmosphere gives a higher total non-condensable gas compared to nitrogen 
atmosphere. It could be explained that char is gasified in the hydrogen stream by 
hydrogasification, and the primary organic vapors (heavy oil fraction) from primary pyrolysis 
are more decomposed and reformed, which results in more gas produced in the hydrogen stream. 
However, the bio–oil decreases from 45.7 wt% under nitrogen atmosphere to 33.8 wt% under 
hydrogen atmosphere, whereas gas composition in the presence of hydrogen is much greater 
than that in the presence of nitrogen as illustrated in Figure 5-2. 
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Figure 5-1. Effect of gas atmosphere on carbon conversion of rice husk (wt%) 
 
Figure 5-2. Effect of gas atmosphere on gas composition 
 
These findings point out that hydrocracking reaction occurs under hydrogen atmosphere. The 
structural elements and primary organic vapors rich in heavy oils are cracked and transformed 
into gases. As shown in Figure 5-2, the yields of hydrocarbon gases (CH4, C2H4 and C2H6) are 
enhanced because a secondary hydrocracking of heavy organic vapors forms in hydrogen stream 
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increases the yields of light hydrocarbons. Furthermore, hydrogen is believed to prevent 
polymerization of thermally degraded biomass by deactivating free radicals.
6
 
 
        
 
Figure 5-3. GCMS of bio-oils from sand-N2 and sand-H2 atmospheres 
 
GCMS characterizations of bio-oils for the Sand-N2 and Sand-H2 atmospheres are shown in 
Figure 5-3. The vertical axis shows total ion intensity and the horizontal axis shows the retention 
time. The results show that the bio-oil in sand-N2 atmosphere has lower ion intensity of product 
distribution and fewer such aromatic hydrocarbons as single-ring aromatics and PAHs, while the 
bio-oil of sand-H2 atmosphere displays extremely high ion intensity of product distribution and 
more resulting aromatic hydrocarbons. The results indicate that the pyrolysis in the hydrogen 
atmosphere (i.e. Hydropyrolysis) could improve the quality of bio-oil to the level suitable for the 
production of chemical feedstock and liquid fuel. 
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5.3.2 Effect of catalyst. Figure 5-4 shows the effects of different catalysts (Ni/Al2O3, Ni/LY char, 
Dolomite and CoMo/Al2O3) on the carbon conversion and bio-oil products. Rice husk is 
hydropyrolyzed under the atmospheric pressure using heating rate of 10 °C/min, GRT of 2.5 s, 
GHSV of 3033 h
-1
 and temperature of 650 °C. 
Figure 5-4a shows a detailed carbon conversion of rice husk. Cchar and Cbio-oil decrease with 
catalysts whereas Cgas increases, which is mainly attributed to be predominately through the 
secondary cracking of the primary pyrolysis vapors with the use of a catalyst (Eq. 1). 
7
 
              Tar            CO + H2 + CO2 + CH4 + C2H4 + Other hydrocarbons                          (1) 
 
Cgas in catalytic hydropyrolysis is higher than that in non-catalytic hydropyrolysis because the 
catalytic hydropyrolysis consists of two main processes of hydrocracking and deoxygenation of 
oxygen content of bio-oil using catalyst, in which oxygen from organic vapors is converted to 
H2O, CO and CO2, thereby decreasing the bio-oil vapor while increasing the gas product. The 
hydrocarbon gases (alkane and alkene), CO and CO2 have been reported to be the main gases 
from the catalytic upgrading of biomass vapors.
8
 The main aim of this experiment is to study the 
effect of catalysts on reducing the oxygen content of bio-oil and increasing light aromatic and 
aromatic hydrocarbons through the selectivity and activity of catalysts.  
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Figure 5-4. Effect of catalyst on a) carbon conversion of rice husk (wt%) 
b) water content in bio-oils (wt%) 
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The water content from different catalysts is shown in Figure 5-4b. The results show that the bio-oil 
yields decrease whereas their water content slightly increases in the presence of catalysts. The bio-oil 
yield decreases from 30.1% without catalyst to 19.6%, 19.9%, 28.8% and 25.6% for Ni/Al2O3, Ni/LY 
char, Dolomite and CoMo/Al2O3, respectively. In case of different active metal catalysts i.e., Ni/LY 
char, Ni/Al2O3, Dolomite and CoMo/Al2O3, there is a decrease in the bio-oil yield and increase in gas 
yield with increasing the BET specific surface area and decreasing the pore size of catalysts (Table 5-1). 
The large specific surface area implies that there is a large surface available for reactions to occur 
simultaneously, which is reflected in an increase in the catalyst activity.
 9
 It can be concluded that a 
higher surface area and a smaller pore size of the catalyst significantly influence the bio-oil product 
distribution.  
 
 
 
Figure 5-5. The oxygen content and HHV of bio-oils 
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Figure 5-6. Effect of catalyst on gas composition 
 
In Figure 5-4b, lower bio-oil yields and higher water content are present in catalytic 
hydropyrolysis compared to that of  non-catalytic hydropyrolysis because the catalyst affects 
hydrodeoxygenation, where hydrogen reacts with O2 to form H2O; decarbonylation, where the 
oxygen is removed as CO; and decarboxylation, where oxygen is removed as CO2. The heavy 
organic vapors from the primary pyrolysis decomposition further react with hydrogen, and the 
catalyst then converts oxygen in the heavy organic vapors into H2O, CO and CO2 while 
increasing hydrocarbons in the bio-oil. The conversion of oxygen in the pyrolysis oil to CO, CO2 
and H2O has been reported as the primary conversion oxygen species for catalytic upgrading.
10
 
In Figure 5-5, the oxygen content of bio-oil decreases from 31.1% without catalyst to 25.9% 
with Ni/Al2O3, 20.1% with Ni/LY char, 26.5% with Dolomite and 10.1% with CoMo/Al2O3. 
Similarly, Nelson et al.
11
 studied the catalytic reactions of the products from the rapid 
hydropyrolysis of coal at atmospheric pressure with a catalyst. They found that liquid products 
have lower heteroatom content and that the total liquid yield decreases due to gas formation, 
oxygen removal as water and the carbon laydown on the catalyst.
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C2H4 and C2H6 have been reported to be the main gases of this research. There is an increase in 
the amounts of CH4, C2H4, C2H6 and CO while CO2 decreases with catalysts. This result is also 
similar to that of Takarada. It seems that CO2 is converted into CO under hydrogen atmosphere 
with a catalyst.
12
 For Dolomite, its activity with oxygen content is quite similar with Ni/Al2O3. 
The result suggests that the effect of Dolomite and Ni/Al2O3 are very weak even under hydrogen 
atmosphere. In contrast, the activity of Ni/LY char is greater than that of Ni/Al2O3 and the result 
could be explained by the fact that the specific surface area of Ni/LY char is larger than that of 
Ni/Al2O3 (see Table 5-1). Larger surface area might enhance the secondary reaction of 
intermediates, such as repolymerization and aromatization, to decrease oxygen content with 
more hydrocarbon compounds produced.
13
 In Figure 5-5, the lower oxygen content of bio-oils 
are obtained in the presence of Ni/LY char and CoMo/Al2O3, which are 20.1 % and 10.1 %, 
respectively. Particularly, the oxygen content obtained with CoMo/Al2O3 is much lower than 
biomass fast pyrolysis with HZSM-5 catalyst
 4
 and biomass pyrolysis under hydrogen pressure 
with FeS catalyst.
2
 The decrease of oxygen content in bio-oil contributes to a remarkable 
increase in HHV. The HHV of the bio-oils with Ni/LY char and CoMo/Al2O3 are close to that of 
heavy fuel oil (40 MJ/Kg).
14
 These results indicate that bio-oil obtained with Ni/LY char and 
CoMo/Al2O3 under hydrogen atmosphere in this study could potentially be used as liquid fuel 
and chemical feedstock.     
Yakovlev et al.
15
 have studied the development of a new catalytic system to upgrade bio-fuel 
production from bio-crude-oil and biodiesel. The results showed that in the presence of hydrogen 
atmosphere and catalysts, the oxygen-containing compounds, such as aliphatic and aromatic 
oxygenates, are converted to H2O by hydrodeoxygenation process (HDO) increasing 
hydrocarbons in bio-fuel product. Meanwhile, there have been reports that the Ni-based catalysts 
play a supportive role in hydrotreatment of oxygen-containing compounds and that the non-
sulfide natural catalysts can be used for improving the bioliquid product with low sulfur content.
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     5.3.3 Molecular weight distribution. The weight-average molecular weight (Mw) and 
number-average molecular weight (Mn) of bio-oils derived from fast hydropyrolysis of rice husk 
with different catalysts are shown in Table 5-2. The ratio of Mw to Mn is presented as 
polydispersity (D), a measure of distribution of molecular weight which indicates the 
homogeneity and complexity of the fragment in bio-oil. Although the molecular weight 
distribution of the hydropyrolysis oils with and without catalysts are almost uniform, the Mn‘s 
and Mw‘s with catalyst are slightly lower than that without, which results in less complex bio-
oils. In the case of hydropyrolysis without catalyst, the polydispersity increases, indicating that 
bio-oil contains more complex and higher molecular weight compounds. With catalysts, the 
polydispersity of bio-oils shows a slight decrease, suggesting that hydrocracking of rice husk 
with catalysts reduces more complex and higher molecular weight compounds while increasing 
less complex bio-oils or low molecular weight compounds in bio-oils. Mw distribution decreases 
from 585 to 219 with Ni/Al2O3, to 222 with Ni/LY char, to 222 with Dolomite and to 177 with 
CoMo/Al2O3.  
     The results obtained suggest that the action of selective catalysts would probably favor the 
breakdown of heavy organic compounds and the formation of lighter compounds. In other words, 
after the primary pyrolysis releases the vapors which consist of many heavy organic fractions, 
the vapors are absorbed by the active surface of the catalyst and then cracked into light 
compounds. These reactions would result in a decrease in oil yield and an increase in gas and 
water yields.
 16 
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Table 5-2.  Molecular weight distribution of bio-oils from rice husk 
 
 
Sample Mn   Mw Mw/Mn (Polydispersity) 
 
Hydropyrolysis     
 
Non- catalyst 266  585 2.19 
 
Ni/Al2O3 219  308 1.40 
 
Ni/LY 222  236 1.06 
 
Dolomite 222  360 1.62 
 
CoMo/Al2O3 177  201 1.14 
 
   The polydispersity of catalytic hydropyrolysis oils is lower than that of non-catalytic 
hydropyrolysis oils, suggesting that the catalytic hydropyrolysis oils consist of a less complex 
array of chemical species and less complex aromatic hydrocarbons than those obtained from 
non-catalytic hydropyrolysis oils. 
 A better result is obtained with CoMo/Al2O3, showing that sulfide catalyst is active to 
catalyze hydrodeoxygenation. More light hydrocarbons and aromatic hydrocarbons are obtained 
due to the cracking of oxygen compounds in bio-oil to produce aromatic hydrocarbons through 
hydrogenolysis route and the hydrogenation of aromatic ring before the rupture of the oxygen-
carbon bonds to produce light aromatic hydrocarbons.
17 
However, these results also indicate that 
hydrogen atmosphere with catalysts yields light molecular oil with low heteroatom content. The 
light hydrocarbons can be obtained through hydrocracking process. Biomass can be cracked 
further under hydrogen stream, after which the cracked products are absorbed by catalyst for the 
secondary reaction of heavy organic vapors to form lighter products, such as light aliphatic and 
aromatic hydrocarbons.
 
 This result is very interesting since it indicates that hydrogen gas at 
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atmospheric pressure strongly promotes the devolatilization of biomass, especially the 
conversion to light hydrocarbons with catalysts 
18 
such as CoMo/Al2O3 and Ni/LY char. 
5.3.4 Composition of bio-oil from rice husk. The composition of bio-oils product obtained 
from catalytic hydropyrolysis and that of non-catalytic hydropyrolysis are analyzed with GCMS. 
The results of chromatographic areas (% total area)
 19-21
 are shown in Figure 5-7. The bio-oils are 
multi-component mixtures which consist of hundreds of compounds, such as acid, aldehyde, 
ketone, alcohol, phenol and their derivatives and aromatic hydrocarbons. Similar results have 
also been obtained in other related studies. Single-ring aromatics and PAHs in the catalytic 
biomass pyrolysis oils markedly increase in comparison to those in the non-catalytic oils.
3
 
Almost all oxygenated compounds are of low heating value, high acidity and instability due to the 
oxygenous functional group. The main oxygenated compounds in this study are shown in Table 5-3. 
Table 5-3. Main oxygenated compounds in bio-oil from rice husk a 
 
 
Tentative Assignment 
 
Empirical Formula 
 
%area 
 
Glycerin 
 
C3H8O3 0.83 
 
Phenol C6H6O 6.82 
 
Isobutyl acetate C6H12O2 2.22 
 
1,2-Benzenediol C6H6O2 3.97 
 
1,4-Benzenediol C6H6O2 1.61 
 
Cycloten C6H8O2 4.00 
 
o-Cresol C7H8O 
4.78 
 
 
Guaiacol C7H8O2 1.52 
 
Dihydrobenzofuran C8H8O 14.6 
100 
 
a: obtained at heating rate of 10 °C/min, hydropyrolysis temperature of 650 °C, hydrogen 
GRT of 2.5 s without  catalyst 
 
Table 5-4. Main aromatic hydrocarbons in bio-oil from rice husk
a
 
 
Tentative Assignment Empirical Formula %area 
Naphthalene C10H8 4.00 
Methylnaphthalene C11H10 3.40 
1,1‘-Biphenyl C12H10 0.34 
Dimethylnaphthalene C12H12 2.08 
Fluorene C13H10 1.91 
Methylfluorene C14H12 1.40 
Phenanthrene C15H12 3.38 
Anthracene C15H12 1.43 
Pyrene C16H10 3.05 
a: obtained at heating rate of 10 °C/min, hydropyrolysis temperature of 650 °C, hydrogen 
GRT of 2.5 s with CoMo/Al2O3 catalyst 
 
Xylenol C8H10O 1.85 
 
Ethylphenol C8H10O 1.46 
 
Dimethylphenol C8H10O 0.41 
 
Dimethoxylphenol C8H10O3 0.23 
 
Isoeugenol C8H10O3 0.81 
 
1-H-Indenol C9H8O 1.19 
 
Allyphenol C9H10O 0.57 
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Most oxygenated compounds found are phenol and their derivatives. In Figure 5-7, when four 
catalysts are used under hydrogen atmosphere to upgrade primary pyrolysis vapors derived from 
the pyrolysis of biomass in order to improve the quality of bio-oil, an increase in concentration 
of aromatic hydrocarbons is observed. The bio-oils, which are obtained from biomass with 
different catalysts, contain such various types of aromatic hydrocarbons as benzene, naphthalene, 
phenanthrene, anthracene, pyrene and their derivatives as given in Table 5-4. The increase in the 
concentration of aromatic hydrocarbons in bio-oils is due to the catalytic treatment effects of 
catalysts and hydrocracking with stream of hydrogen. 
 
 
Figure 5-7. Composition of bio-oils from rice husk 
 
As illustrated in Figure 5-7, it is obvious that the oxygenated aromatic compounds decrease 
whereas aromatic hydrocarbons markedly increase as catalysts are used under. Two main routes 
to decrease oxygenated compounds in bio-oil have been investigated: hydrocracking and 
catalytic treatment by converting oxygenated feedstock to obtain lighter fraction and aromatic 
0 
10 
20 
30 
40 
50 
60 
A
c
id
 
A
ld
e
h
y
d
e
 
A
lc
o
h
o
l 
K
e
to
n
e
 
E
th
e
r 
O
x
g
e
n
a
te
d
  
  
  
 
a
ro
m
a
ti
c
 
A
ro
m
a
ti
c
 
h
y
d
ro
c
a
rb
o
n
s
 
H₂-non catalyst 
H₂-Ni/Al₂O₃ 
H₂-Ni/LY 
H₂-dolomite 
H₂-CoMo/Al₂O₃ 
C
o
m
p
o
s
it
io
n
 o
f 
b
io
 o
il
 (
%
 a
re
a
) 
102 
 
hydrocarbons in bio-oil.
 22
 The catalytic hydropyrolysis system promotes cleavage and reductive 
removal of selected heteroatom bonds in organic compounds and macromolecules favoring 
release of value-added hydrocarbon products such as light aliphatic and aromatic hydrocarbons. 
Heteroatom bonds in particular include organic oxygen; organic sulfur cross-linkages; function 
groups including ether, sulfide, carboxyl hydroxyl, thiols; and simple thiophene groups. 
The presence of catalysts leads to low oxygenated aromatic compounds, acid compound and 
high aromatic hydrocarbon content. Therefore, these catalysts should be selected whenever an 
increase in aromatic hydrocarbons is favored. Compared to CoMo/Al2O3, the combined yield 
and selectivity for aromatic hydrocarbons with the other catalysts are exceptionally high. The 
order of catalyst performance under the same condition is: CoMo/Al2O3 > Ni/LY char > 
Ni/Al2O3 > Dolomite > sand. The highest aromatic hydrocarbons are obtained with CoMo/Al2O3, 
and this increase is due to the decrease in oxygenated compound content. The high aromatic 
hydrocarbons production may be linked to the active metal content and the specific surface area 
of catalyst, which has relatively a high catalyst activity. It can be concluded that hydropyrolysis 
with CoMo/Al2O3 is suitable for obtaining a high yield of hydrocarbon compounds such as BTX 
and naphthalene.
2
 
An interesting result is that of Ni/LY char and a plausible explanation is that Ni catalyst 
catalyzes the hydrogenation of phenol or phenol precursors or, in other words, it inhibits the 
formation or degradation of phenol.
 23 
Nickel can considerably help decrease the 
hydrodeoxygenation process cost and is well known for being active in hydrogenation.
 15 
It can 
be concluded that Ni/LY char is also an interesting alternative since it can be used to improve 
the quality of bio-oil product.  
These results indicate that the hydrogen atmosphere with catalysts gives light oil with low 
heteroatom content. Furthermore, these suggest that the outcome in terms of oxygen removal in 
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bio-oil, although structurally different depending upon the type of catalyst used, could be 
achieved for biomass pyrolysis. 
5.4 Summary 
Fast hydropyrolysis of rice husk is investigated using a fluidized bed reactor under different 
catalysts. The results reveal that a lower molecular weight of bio-oils and several aromatic 
hydrocarbons are obtained with hydropyrolysis using catalyst.  Catalysts are used in this study to 
decrease the oxygen content of the bio-oils. Best results are obtained with Ni/LY char and 
CoMo/Al2O3 under hydrogen atmosphere; this is possibly due to the ability of these catalysts to 
promote the hydrodeoxygenation of primary pyrolysis vapors, producing bio-oils containing 
lower amounts of oxygenated compounds of about 20.1% and 10.1%, respectively. However, 
Ni/LY char is deemed more favorable than CoMo/Al2O3 in terms of the production cost of the 
bio-oil. 
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Chapter 6 
Effect of Catalytic Temperature and Volume Fraction of Ni/YL 
Char on Product Distribution and Composition of Bio-oil  
 
6.1 Introduction   
     The catalytic treatment of biomass under hydrogen pressure (i.e., hydropyrolysis) is an 
attractive route to obtain a high yield of liquid hydrocarbons such as benzene, toluene and xylene 
(BTX).
1,2
 The ability of catalytic hydrotreating in removing oxygen in oil has been widely 
accepted as reported by Pindorial et al.
3
 Takarada et al.
4
 examined the effect of catalyst as 
fluidizing particles on the product composition and found that high yields of BTX and 
naphthalene were obtained in the presence of hydrogen using the catalyst. Chareonpanich et al.
 5
 
also studied the hydropyrolysis process using HZSM-5 zeolite catalyst at 500°C and found that 
the yields of BTX and DTN (decalin, tetralin and naphthalene) increased by 20% compared with 
those of non-catalyst. In this study, the authors used Ni/LY char prepared with the ion-exchange 
method to obtain high quality bio-oil with the use of an inexpensive catalyst in the 
hydropyrolysis of biomass due to the fact that the catalyst with highly dispersed active site is 
more effective for biomass conversion. Li et al.
6
 reported that the metallic Ni dispersed well on 
the support in Ni/LY char with large specific surface area when the catalyst was prepared 
through ion-exchanged method.  The authors
7
 have studied the effects of gas atmosphere and 
catalyst on bio-oil with relatively low content of oxygen. The results reported that the pyrolysis 
of rice husk under hydrogen atmosphere using Ni/LY char can reduce the oxygen content of bio-
oil and that bio-oil became increasing aromatic as more oxygenated compounds was removed. In 
this study, the hydropyrolysis of rice husk using inexpensive catalyst was investigated in a 
fluidized bed reactor. Rice husk was pyrolyzed in hydrogen atmospheric pressure using Ni/LY 
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char as the fluidizing particle. The effects of catalyst and temperature on the catalytic 
hydropyrolysis, on product yields, and the composition of bio-oil were investigated. Since the 
hydropyrolysis does not require high pressure gas atmosphere and a complicated system, these 
advantages in turn reduce the cost to a great extent. 
 
6.2 Experiment 
     6.2.1 Material 
     There is no significant sample preparation in this study. As mentioned in the chapter 2, rice 
husk was prepared and used in the hydropyrolysis process to study the effect of condition 
parameters on the product yield and the composition of bio-oil. 
     6.2.2 Catalyst 
     Ni/LY char was prepared by ion-exchange method using LY brown coal and nickel solution 
(Li et al.).
6
 Figure 6-1, at first step, the coal was crushed and sieved to particle size of 0.25-0.50 
mm and then was mixed with a solution of basic hexa ammine nickel carbonate [(NH3)6NiCO3] 
and distillated water for 24 hr. To complete the preparation process, the ion-exchange coal was 
filtrated and washed with distilled water. Before each experiment, Ni/LY coal (see Figure 6-2) 
was pyrolyzed at temperature of 650 °C for 90 min to obtain the Ni/LY char. The transmission 
electron microscope (TEM; JEM-2010, JEOL Ltd.) was employed to investigate nickel species 
distribution on support material. 
     An atomic absorption flame emission spectrometer (AA-6400F, Shimadzu, Kyoto, Japan) was 
used to examine the amount of Ni on Ni/LY char (Ni 14.7 ± 1% dry). The BET specific surface area 
(382 m
2
g
-1
) and pore volume (2.97 cm
3
g
-1
) of Ni/LY char were analyzed by nitrogen sorption 
analysis (BET, BEL Japan, Inc.). 
 
 
107 
 
 
   NiCO3 2Ni(OH)2 4H2O,
Ammonia solution and
     distilled water
    (NH3)6  NiCO3
        Solution
Distilled water
                  (NH3)6  NiCO3 Solution (pH=11)
  Stirring
   24 hrs
     Loy Yang 
    brown  coal
           Filtration
   Washing (distilled water)
Drying at 107  oC  24 hrs
Nickel loaded Loy Yang   
brow coal     ( Ni/LY)
     (NH4)2  CO3,
 
 
Figure 6-1. Preparation procedure of nickel loaded Loy Yang brown coal using ion-exchange 
method
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Figure 6-2. Nickel-loaded Loy Yang brown coal catalyst 
 
     6.2.3 Experiment set-up 
The experiments were performed in the hydrogen atmosphere under atmospheric pressure 
and in a fluidized pyrolysis system (see Figure 2-1 in Chapter 2). The major components of 
the system are as follows: a pressure control, accumulative flow meters, fluidized bed pyrolysis 
reactor, electric furnace, feed hopper, temperature control, K-type thermocouple, stripper heat, ice-
traps, and gas bag. The inside diameter and the height of the fluidized bed reactor were 25 mm and 
400 mm, respectively. The fluidizing gas used was hydrogen and the flow rate was controlled 
by the accumulative flow meter. The reactor used sand with particle sizes of 0.09-0.25 mm or 
its mixture with the catalyst as the bed materials. The electric furnace was used to supply the 
heat in the pyrolysis while the ice-traps filled with methanol were employed to collect bio-oil. 
The non-condensable gas was collected by the gas bag for analysis. 
 6.2.4   Procedure and product collection 
     The hydropyrolysis of rice husk was carried out in the fluidized bed reactor. The effects of 
catalyst and catalytic hydropyrolysis temperatures on the product yields and the composition 
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of bio-oil were determined. The rice husk and the Ni/LY char (particle size 0.25-0.50 mm) 
were dried at 107°C for 24 hours in order to remove moisture from the sample before the 
hydropyrolysis process. The effects of catalyst and catalytic hydropyrolysis temperature on 
the product yields and the composition of bio-oil were investigated, after that the effect of 
volume fraction of Ni/LY char on product yields and the composition of bio-oil was obtained.  
In so doing, a 3 g rice husk was placed on the feed hopper. Then, the sand mixed with Ni/LY 
char was placed in the reactor. The system was purged with nitrogen at a flow rate of 1.5 
L/min for 15 min throughout the fluidized reactor to guarantee an inert atmosphere during the 
experiment. The reactor temperature was then controlled to the desired temperature according 
to K-type thermocouple. After the temperature in the reactor reached the final temperature, 
nitrogen gas was switched to hydrogen gas at final flow rate and one shot of feedstock was 
fed into the bed materials. The collection of the gas and bio-oil products then began.  It took 
20 min to complete the process during which the bio-oil was collected with the ice-traps; the 
non-condensable gas was collected with the gas bag; and the char and the bed materials were 
moved from the reactor and weighed.  The contents in the ice-traps were drained and 
evaporated by heat at 70°C so as to obtain the bio-oil product. Even though the derived bio-
oil was in a heterogeneous phase which consisted of an aqueous and heavy organic phase, the 
quantity of the bio-oil was so small that the phase separation was not possible.  Thus, the bio-
oil was in a homogenous phase when its characteristics were analyzed.  The non-condensable 
gas was analyzed by GC (Gas Chromatography). The physicochemical properties of bio-oil 
were characterized using GC/MS (Gas chromatography/mass spectrometry), GPC (Gel 
permeation chromatography), CHN (Elemental analysis), and FT-IR (Fourier transform 
infrared spectroscopy); and water content with Karl Fischer to determine its possibility as a 
potential source of fuel or chemical feedstock. 
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     6.2.5   Product analysis 
         6.2.5.1   Elemental analysis  
     The elemental contents of the bio-oil and rice husk were determined by a Leco CHN-2000 
elemental determinator and the HHV was obtained with a Shimadzu CA-4PJ auto-calculating 
bomb calorimeter (Shimadzu, Kyoto, Japan). 
          6.2.5.2   Water content 
     Water content of bio-oil was analyzed at least twice using a KEM MKA-610 Karl-Fischer 
moisture titration (Kyoto Electronics, Kyoto, Japan). 
          6.2.5.3   GPC analysis 
     GPC analysis was carried out to identify the molecular mass distributions (MWDs) of the 
bio-oil with a GPC system (Waters, Milford, MA), consisting of a Waters 600 system 
controller and a Waters 2414 refractive index detector. A Waters Styragel HR 4E (7.8 mm x 
300 mm) column was used with tetrahydrofurane (THF) as the mobile phase with a flow rate 
0.5 mL/min at 40 °C. Each bio-oil sample was dissolved in THF and filtered before being 
injected into the system. Molecular weights were calculated from elution time using 
Empower 2 Software (Waters, Milford, MA) and a calibration curve generated with EasiCal 
PS-1 polystyrene standards. 
          6.2.5.4   FT-IR analysis 
     The FT-IR spectra of the bio-oil were recorded by collecting 128 scans at a resolution of 4 
cm
-1 
in the reflectance mode with measuring regions of 4000-400 cm
-1
 using a Nicolet 
Magna-II 550 spectrometer (Nicolet Instrument Corp., Madison, WI), equipped with an IR 
source, KBr beam splitter, and a deuterated triglycerine sulfate KBr detector. 
          6.2.5.5   Composition of bio-oil 
     GC/MS analysis was used to identify composition of bio-oil. Each bio-oil sample was 
dissolved in methanol and ca. 1 µL of the solution was analyzed with a Shimadzu GCMS-
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QP2010 GC/MS (Shimadzu, Kyoto Japan), equipped with a capillary column coated with 
Rtx-5MS (60m x 0.25 mm) i.d., 0.25 µm film thickness) and a quadrupole analyzer in 
electron impact mode at 70 eV. Data were acquired and processed using GCMS Solution 
software (Ver. 2.53, Shimadzu, Kyoto, Japan). The compounds were identified by comparing 
mass spectra with NIST08 library data. A semi-quantity analysis was performed according to 
each peak area to determine the compound distribution.  
          6.2.5.6   Gas analysis  
    Gas analysis was carried out using a Shimadzu GC14B GC/FID (Shimadzu, Kyoto, Japan) 
equipped with a methane converter to convet carbon oxides into detectable CH4. The gas 
yield was calculated by sum of gases repeatedly detected by GC/FID at least twice.  
 
6.3   Results and Discussion 
6.3.1 The properties of the Ni/LY char 
     The x-ray diffraction of Ni/LY char was performed to verify the presence of metallic 
nickel in Ni/LY char as shown in Figure 6-3.  A number of noticeable peaks of metallic nickel 
were recorded and were in accordance with the x-ray spectra of Ni/LY char. The x-ray 
diffraction peaks for nickel species detected at 2θ were 44.4, 52.9, 76.5, and 93.8, 
respectively. The average crystalline size of Ni was estimated to be 6.5 nm from full-width at 
half maxima (FWHM) of the peak. Figure 6-4 and Figure 6-5 show the dispersion of Ni-
species on LY brown coal char which was observed from the TEM and SEM images.  The 
black and white sports in TEM and SEM images, respectively were metallic nickel in brown 
coal char, it can be implied that the Ni-species are well dispersed in brown coal char with 
particle size around 5-10 nm. For highly dispersed catalyst, the carrier is commonly a high 
surface area which favors catalytic activity.
8, 9
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Figure 6-3. X-ray diffractogram of Ni/LY char 
 
 
 
 
Figure 6-4. TEM image of Ni/LY char 
0 
300 
600 
900 
1200 
1500 
1800 
2100 
10 20 30 40 50 60 70 80 90 100 
     Ni 
     Ni 
     (200) 
   Ni 
  (220) 
     Ni 
   (311) 
In
te
n
s
it
y
  [
a
.u
] 
113 
 
             
 
            Figure 6-5. SEM image of Ni/LY char 
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6.3.2   Effect of catalytic hydropyrolysis temperature on product 
distribution and composition of bio-oil 
 
In Figure 6-6, the product yields at hydropyrolysis temperature of 500°C with and without 
Ni/LY char (25 v/v% of bed material) were compared.  It has been found that with Ni/LY 
char the bio-oil yield decreased from 47.1% to 39.9% while gas yield slightly increased from 
20.2% to 23.7%. The same result also indicated that the effect of secondary reaction was 
more favorable with Ni/LY char. 
10
 The effects of hydropyrolysis temperatures of 500, 550, 
600 and 650°C on product yields and bio-oil composition were studied under constant 
heating rate of 10°C/min, temperature of 500 °C, GRT of 2.7 s and GHSV of 4891 h
-1
 using 
Ni/LY char as shown in Figure 6-6. The result showed that the gas yield increased from 
23.7% to 52.6% while the bio-oil yield decreased from 39.9% to 20.6 % with increasing 
temperature. An increase in catalytic hydropyrolysis temperature enhanced the 
thermocracking and secondary reaction of primary organic vapors (mainly heavy oil fraction)
 
11 resulting in the high gas yield. The minimum of bio-oil yield was obtained when catalytic 
hydropyrolysis temperature rose to 650°C. Le et al. 
12
 also reported that the gas yield 
increased by increasing temperature of thermochemical process using Ni/LY char, suggesting 
that the activity of catalyst is significantly increased by increasing the temperature since the 
primary organic vapors are more decomposed and deoxygenated via the secondary reaction.  
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Figure 6-6. The product yields of rice husk at different hydropyrolysis temperatures 
 
From this result, it is possible to conclude that precise regulation of the catalytic 
hydropyrolysis temperatures is very important for the control of product distributions.
 4
 As 
shown in Figure 6-7, hydropyrolysis could reduce the oxygen content of bio-oil from 54.6% 
for initial rice husk to 32.8% for non-catalyst and 27.5% for Ni/LY char at temperature of 
500 °C. With catalyst, the oxygen content decreased about 50%, without non-catalyst the 
oxygen content decreased 40% compared with that of initial rice husk. It could be explained 
that the oxygenated compounds in the primary organic vapors passed through the catalyst, 
were absorbed by the active surface of the catalyst, and then were catalyzed by 
deoxygenation to form gas product. The gas yield increased due to the oxygen being removed 
and simultaneously replaced with CO and CO2 as the bio-oil yield decreased (see Figure 6-8).  
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Figure 6-7. Oxygen and water content of bio-oils at different hydropyrolysis temperatures 
 
   
   Figure 6-8. The bio-oil yields and gas composition at different hydropyrolysis temperatures 
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Previous researcher reported that the catalyst prepared with the ion-exchange method had 
a large specific surface area and highly dispersed active site which meant better performance 
of the catalyst in the reaction and hence a greater chance for the catalyst to achieve a higher 
rate of reaction. 
6 
The reason is that the reaction actually took place on the catalytic surface, 
so the catalyst with a large specific surface area and highly dispersed active site enhanced the 
catalytic activity. This result suggests that although the bio-oil yield decreased in the presence 
of Ni/LY char, the production of the bio-oil of higher quality with low oxygen content was 
obtained from hydropyrolysis using Ni/LY char. 
 The effect of catalytic hydropyrolysis temperature on the oxygen content of bio-oil is also 
shown in Figure 6-7. The oxygen content decreased from 27.5% to 21.5%, whereas gas 
composition increased with rising temperature up to 650 °C. In Figure 6-8, the light 
hydrocarbon gases tended to increase with temperature. The results suggest that the hydrogen 
gas combined with Ni/LY char at higher temperature is more active for hydrogenation and 
hydrocracking reaction (Eq. 1, 2, 3)
 13, 14 
 
 Increases in CO and CO2 with increasing the catalytic hydropyrolysis temperature were 
shown in the previous paper.
15
 The increases of CO2 and CO in gas yield with rising 
temperature led to the conclusion that at higher temperature, more primary pyrolysis vapors 
were produced and more oxygen compounds in vapors were converted via the secondary 
reaction into CO and CO2 through decarboxylation and decarbonylation reactions, resulting 
in the composition of CO and CO2, and a decrease in the oxygen content. Figure 5-8 shows 
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that in the catalytic treatment reactions the oxygen compounds were also converted to H2O as 
CO-product through hydrodeoxygenation (Eq. 4).
 16
 
                         
 
 
The same result was reported by Rocha et al.
 17 
who examined fast pyrolysis of biomass 
under hydrogen pressure to produce oil with a much lower oxygen content using a 
commercial sulfide NiMo/γ-Al2O3 catalyst at 400°C; and found that the oxygen content of 
bio-oil decreased markedly due to increased H2O formation. As shown in Figure 6-7, the 
oxygen content in bio-oil decreased markedly due to increasing H2O with the increase in 
catalytic hydropyrolysis temperature. The lowest oxygen content of bio-oil could be obtained 
at temperature of 650 °C with 55.01% water content. It could be that an increase in catalytic 
hydropyrolysis temperature enhanced both the thermocracking and the secondary reaction 
between oxygen and organic compounds via hydrodeoxygenation, which resulted in the 
oxygen content of bio-oil markedly decreased whereas the gas yields and water content 
increased with increasing temperature. Table 6-1 shows the elemental analysis and HHV 
results of bio-oil at different catalytic hydropyrolysis temperatures. The decrease of oxygen 
content contributed to a remarkable increase in the HHV of bio-oil. The highest carbon 
content (71.3 wt%), highest HHV (30.4 MJ/kg) and lowest oxygen content (21.5 wt%) of the 
bio-oil were obtained from the hydropyrolysis process at the temperature of 650 °C using 
Ni/LY char. It can be concluded that the bio-oil obtained from the hydropyrolysis of rice husk 
at the temperature of 650 °C using Ni/LY char could improve the quality of bio-oil to a level 
suitable enough to be a liquid fuel. 
                     CO - Cleavage 
CxHyOz                                            CH4 
 
                      H2                H2O                                       (4) 
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Table 6-1. Elemental analysis and HHV of bio-oils at different hydropyrolysis temperatures 
 
6.3.2.1   Characterization of bio-oil 
     6.3.2.1.1   GC/MS analysis of bio-oil 
 GC/MS analysis was carried out to identify composition of bio-oil from the 
hydropyrolysis of rice husk at temperature of 500 °C and catalytic hydropyrolysis of rice 
husk at temperatures of 500, 550, 600 and 650°C. Bio-oil was a very complex mixture of 
organic compounds and consisted of different chemicals with wide-ranging molecular weight 
distributions. 
Table 6-2. Main compounds identified in bio-oils from pyrolysis of rice husk 
a
 
No. Compound Formula 
Type of 
Compound 
%Area 
500°C
b
 500°C
 c
 550°C 
c
 600°C 
c
 650°C 
c
 
1 1,3,5-hexatriene C6H8 Al - - 0.13 - 0.65 
2 Propanoic acid C3H6O2 NArO 0.32 0.88 0.45 4.51 0.99 
3 Cyclopent-2-en-1-one C5H6O NArO 0.10 1.18 2.9 1.45 1.78 
4 5H-furan-2-one C4H4O2 NArO 1.17 3.68 1.28 1.3 0.47 
5 Propane-1,2,3-triol C3H8O3 NArO 0.32 0.87 1.80 2.16 0.92 
6 2-methylcyclohexa-1,3-diene C7H10 Al - 0.33 2.89 - 2.44 
7 2-furanmethanol C5H6O2 NArO 0.11 0.91 0.76 0.81 0.38 
Experiment condition 
(wt%, db) HHV 
(MJ/kg) C H O 
Non-catalyst 500 °C 60.8 7.04 32.8 24.8 
 
Ni/LY 
char 
 
500 °C 65.2 7.18 27.5 26.5 
550 °C 66.2 7.06 26.5 27.8 
600 °C 67.8 7.03 24.8 28.6 
650 °C 71.3 7.06 21.5 30.4 
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8 Phenol C6H6O ArO 8.76 10.74 5.6 10.0 9.5 
9 3-methyl-2-cyclopenten-1-one C6H8O NArO 1.23 0.26 0.85 1.24 0.71 
10 3-Methyl-3-hexene C7H14 Al - - - 0.43 - 
11 Cyclopentane-1,2-dione C5H6O2 NArO 1.43 0.67 1.55 - 0.44 
12 2-methoxytetrahydrofuran C5H10O2 NArO - 1.59 0.5 - 0.54 
13 2-methylphenol C7H8O ArO 0.42 3.03 2.04 3.7 0.32 
14 4-methylphenol C7H8O ArO 7.75 1.11 5.08 4.5 0.27 
15 1-(furan-2-yl)ethanone C6H6O2 NArO - 2.02 0.61 - 0.30 
16 5-methylfuran-2-carbaldehyde C6H6O2 NArO 2.62 2.32 0.59 - 0.27 
17 Benzene-1,2-diol C6H6O2 ArO - 5.47 1.87 0.19 5.90 
18 Benzene-1,4-diol C6H6O2 ArO 1.60 - 4.08 1.03 2.02 
19 2-hydroxy-3-methylcyclopent-
2-en-1-one 
C6H8O2 ArO 2.69 1.82 2.73 2.36 1.53 
20 2,3-dihydro-1-benzofuran C8H8O ArO 8.17 0.21 8.76 15.38 7.21 
21 2-hydroxybenzaldehyde C7H6O2 ArO - - 0.35 - 0.32 
22 2,4-dimethylphenol C8H10O ArO 1.21 0.38 1.04 0.61 0.27 
23 2,3-dimethylphenol C8H10O ArO 2.42 - 0.11 0.96 0.27 
24 2-ethylphenol C8H10O ArO - - 0.83 - 1.23 
25 4-ethylphenol C8H10O ArO 2.24 1.23 5.67 1.68 4.71 
26 3-ethylphenol C8H10O ArO - 0.49 0.83 5.42 1.79 
27 4-methoxyphenol C7H8O2 ArO 0.81 0.46 1.57 3.63 - 
28 Naphthalene C10H8 Ar - 0.20 0.79 0.31 1.42 
29 1H-inden-1-ol C9H8O ArO 0.54 - - - 2.04 
30 3,4-dihydrochromen-2-one C9H8O2 ArO - 0.71 1.04 - 1.10 
31 2,3-dihydroinden-1-one C9H8O ArO - - 0.70 - 0.9 
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32 4-prop-2-enylphenol C9H10O ArO 0.76 - - 0.85 0.65 
33 2-prop-2-ethylphenol C9H10O ArO - 2.92 2.1 0.93 0.89 
34 2,5-dimethoxytetrahydrofuran C6H12O3 NArO 6.78 - - - - 
35 3-propan-2-ylphenol C9H12O ArO - - 1.79 0.69 0.89 
36 2-propane-ylphenol C9H12O ArO - - - 0.36 0.75 
37 2-methoxy-4-methylphenol C8H10O2 ArO 2.70 0.68 - 0.43 - 
38 2-methoxy-5-prop-2-enylphenol C10H12O2 ArO 4.04 3.01 1.04 1.88 - 
39 Naphthalen-1-ol C10H8O ArO - 4.35 0.37 - 0.44 
40 1,1-dimethoxyhexane C8H18O2 NArO 2.51 3.01 - - - 
41 2-acetyloxyethyl acetate C6H10O4 NArO 2.10 1.81 1.04 - 0.63 
42 2-methoxy-4-propylylphenol C10H14O ArO 5.02 7.04 - - - 
43 4-ethyl-2-methoxyphenol C9H12O2 ArO 1.33 6.86 1.51 - - 
44 4-hydroxy-3-
methoxybenzaldehyde 
C8H8O3 ArO 0.49 4.42 1.41 2.00 - 
45 1,2-dihydroacenaphthylene C12H10 Ar - - - - 0.70 
46 9H-fluorene C13H10 Ar - - 0.57 0.49 1.01 
47 Anthracene C14H10 Ar - 0.28 0.75 1.55 1.50 
48 Phenanthrene C14H10 Ar - - - 0.60 0.61 
49 Pyrene C16H10 Ar - 0.46 1.39 0.37 1.03 
50 Fluoranthene C16H10 Ar - - - - 1.16 
51 2-methylfluoranthene C17H12 Ar - - - - 0.25 
52 Chrysene C18H12 Ar - 2.00 - 3.70 1.10 
53 Benzo[e]pyrene C20H12 Ar - - - - 0.74 
  
a   
 -  weak or absent           
  
b
   Non-catalyst 
  
c 
  Catalyst 
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 Table 6-2 indicated the main compounds found in the bio-oil. A great number of 
compounds were identified in the bio-oil but the peak areas were very low; therefore, only 
main abundant compounds with great peak areas were displayed in this study. Every 
compound in Table 6-2 has been grouped into Arenes (Ar) such as single aromatic and 
polycyclic aromatic hydrocarbons (PAHs); Aliphatics (Al) which included 1,3,5-hexatriene 
and 3-methyl-3-hexene;  Oxygenated aromatics (ArO) which included phenols and its 
derivatives such as 2-methyl phenol, 4-methylphenol and dimethylphenol; Oxygenated non-
aromatics (NArO) which included acids such as propanoic acid and acetic acid; alcohols such 
as propan-1,2,3-triol and 2-furanmethanol; ethers which included  2-acetyloxyethyl acetate 
and 2,5-dimethoxytetrahydrofuran; and ketones such as cyclopent-2-en-1-one and 5H-furan-
2-one. The main PAHs found in bio-oil were naphthalene, anthracene, fluorene, pyrene, 
phenanthrene and their alkylated derivatives.  PAHs with low concentration have also been 
found by other researchers in non-catalytic pyrolysis of biomass. 
18
 In Table 6-2, the PAHs 
increased with increasing temperature 
19
, which could be explained by the fact that with 
catalyst the macromolecules of rice husk cracked more easily at higher temperature, which 
led to high molecular weight compounds such as PAHs being released. Williams et al.
12
 have 
pyrolyzed high-ash containing rice husk using catalyst in a fixed bed reactor and found that 
the PAHs concentration significantly increased as the temperature increased from 550-600 °C. 
It could be explained that the higher ash content of rice husk may influence the thermal 
degradation of rice husk and thus produce relatively more aromatic oil. In addition, the 
presence of ash content in the thermal degradation of cellulose has been shown to exhibit a 
catalytic effect, resulting in a change in the yield and composition of the derived pyrolysis 
products. Many researchers have also reported that increased PAHs correlated with the 
catalyzed bio-oil upgrading process. 
20, 21  
As shown in Table 6-2, several oxygenated 
compounds were found in the bio-oil. The presence of these compounds in the bio-oil product 
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at every temperature could be explained by the fact that phenols and their derivatives were 
formed during the secondary pyrolysis of lignin, which was the main abundant component in biomass.  
Therefore, the pyrolysis of biomass produced phenolic compounds. The presence of oxygenated 
compounds seems to be the reason for the poor quality of the bio-oil as a liquid fuel.
 22
 The 
composition of bio-oil was changed by catalytic hydropyrolysis temperature as shown in Figure 6-9.  
In Figure 6-9, the oxygenated compounds with and without Ni/LY char were compared. 
The result showed that the oxygenated compounds of bio-oil decreased whereas Arenes 
increased in the presence of Ni/LY char. These results suggest that the oxygenated 
compounds which are obtained by thermal decomposition of a lignin-containing material can 
be converted through hydrogenation and C-O cleavage pathways to give light and oxygenated aromatic 
compounds. These oxygenated compounds were then converted under hydrogen gas atmosphere with 
catalyst to form H2O, CO, and CO2 via hydrodeoxygenation, carbonylation and carboxylation, 
respectively, resulting in the removal of oxygen while increasing hydrocarbons products. 
16 
 
Figure 6-9. Composition of bio-oils at different hydropyrolysis temperatures 
0 
2 
4 
6 
8 
10 
12 
14 
16 
0 
20 
40 
60 
80 
100 
non-catalyst     
500 °C 
500 °C 550 °C 600 °C 650 °C 
Acids Alcohols 
Ketones Ethers 
Oxygenated aromatics Arenes                        A
re
n
e
s
 (%
 a
re
a
)  
   
O
x
y
g
e
n
a
te
d
 c
o
m
p
o
u
n
d
s
 (
%
a
re
a
) 
With catalyst 
124 
 
At different catalytic hydropyrolysis temperatures, the oxygenated compounds decreased 
from 92.8% to 77.4% as the temperature increased. The main compound, Arenes, decreased 
from 57.2% to 48.4% at 500°C and 600°C, respectively; and increased to 63.3% at 650 °C.  
The aromatic hydrocarbons increased from 1.27% to 14.1% with temperature, and it has been 
found that the aromatization reactions, such as the cracking of light organics, oligomerization, 
cyclization and hydrogen or hydriel transfer, are favored at high temperature. 
23
 Acids, 
ketones, and ethers were independent of temperature. The minimum of oxygenated 
compounds and the maximum of arenes obtained at 650°C were 77.4% and 14.1%, 
respectively, which suggest that catalytic hydropyrolysis temperature is an important 
parameter influencing the catalytic treatment (i.e., deoxygenation and hydrodeoxygenation) 
to obtain the bio-oil with relatively low oxygenated compounds and high aromatic 
hydrocarbons content. 24 
         6.3.2.1.2   The molecular weight distributions (MWDs) of bio-oil  
Gel permeation chromatography (GPC) was used to determine the MWDs of bio-oil at 
different catalytic hydropyrolysis temperatures as shown in Figure 6-10.  The MWDs of bio-
oil are wide when measured with GPC, which were consistent with those with GC/MS.  Most 
of the components in bio-oil had an average molecular weight (MW) lower than 1500. With 
increasing catalytic hydropyrolysis temperature, the high MW decreased whereas the low Mw 
increased, suggesting that higher catalytic hydropyrolysis temperature is favorable for the 
thermocracking and hydrocracking reactions, in turn resulting in low MW of bio-oil.  From 
this result it can be concluded that the hydropyrolysis of rice husk using Ni/LY char at higher 
temperature produced less complex bio-oil. 
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Figure 6-10. GPC profiles of the bio-oils at different hydropyrolysis temperatures 
 
     6.3.2.1.3 Infra-red spectra of bio-oil  
Figure 6-11 shows the FT-IR spectra of the bio-oil obtained from catalytic hydropyrolysis 
at 650°C compared with that of non-catalytic hydropyrolysis. The IR spectrum of bio-oil and 
the subtraction were given in Table 6-3.  
 
Table 6-3. FT-IR functional groups of the bio-oils. 
Wavenumber (cm
-1
) Group Class of compound 
3600-3200 
3000-2800 
1750-1650 
1625-1590 
1550-1490 
1470-1350 
1300-950 
 
900-700 
O-H stretching 
C-H stretching 
C=O stretching 
C=C stretching 
Stretching aromatic ring 
C-H bending 
C-O stretching 
O-H bending 
Substituent in aromatic ring 
phenol and alcohol 
alkane 
ketone and aldehyde 
alkene 
aromatic 
alkane 
alcohol and ether 
 
aromatic ring 
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Bio-oil with lower oxygen content resulted in a decrease in the peak adsorption of 
stretching C=O (1750-1650 cm 
-1
); stretching O-H (3600-3200 cm
-1
) indicating the presence 
of phenol and alcohol; stretching C-O (1300-950 cm
-1
); and bending O-H. On the other hand, 
an increase in oxygenated compounds in bio-oil resulted in an increase in the peak adsorption 
of stretching C=O, stretching O-H, stretching C-O, and bending O-H. There were changes in 
the functional group composition of bio-oil with and without Ni/LY char. The peaks at 1750 
and 1650 cm
-1
and between 3600 and 3200 cm
-1
 are oxygenated compounds, and these peaks 
showed a marked decrease with Ni/LY char compared to the non-catalytic oil, indicating that 
oxygenated compounds significantly decreased in concentration in the hydropyrolysis using 
Ni/LY char. 
 
 
 
Figure 6-11.  FT-IR of catalytic bio-oil at 650 ºC compared with non-catalytic bio-oil 
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6.3.3 Effect of volume fraction of catalyst on the product distribution and 
composition of bio-oil 
    As show in Figure 6-12, catalytic hydropyrolysis of rice husk was performed at the optimal 
conditions for bio-oil product (temperature of 500 °C, GRT of 2.7 s, GHSV of 4891 h
-1
 and 
heating rate of 10 °C/min) to determine the effects of volume fractions of Ni/LY char, i.e., 0, 
5, 25, 50 and 75% on the product yields and the composition of bio-oils. In Figure 6-12, the 
bio-oil yield was 47.1% without any catalyst and fell to the minimum value of 25.1% with 
75% volume fraction of Ni/LY char, while gas yield increased from 19.3% to 45.9% with 
incremental the volume fraction of Ni/LY char. Meanwhile, the char yield was obtained from 
hydropyrolysis with catalyst lower than without catalyst. The influence of the catalyst was 
hydrocracking and deoxygenation. The heavy organic vapors via secondary reaction in the 
hydropyrolysis process resulted in a decrease of bio-oil and increase of gas yield. The 
significant increase of gas yield, when the volume fraction of Ni/LY char increase, may be 
caused by greater production of gas in the secondary reaction of hydropyrolysis, which is 
faster at higher volume fraction of catalyst; hydrocracking and catalytic treatment of heavy 
organic vapors, which increases with the volume fraction of the catalyst; and endothermic 
reaction of char hydrogasification, which are favored by higher volume fraction of the catalyst. 
This result indicated that proper contact between the catalyst and primary organic vapors is 
important for the progress of reaction and that it is possible to control the product distribution 
by changing the volume fraction of the catalyst.  
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Figure 6-12. The effect of volume fraction of Ni/LY char on product yields 
 
    
 
Figure 6-13. The effect of volume fraction of Ni/LY chars on oil and water phases of bio-oils  
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     Figure 6-13 shows that bio-oil consisted of two district phases; oil phase and water. The oil 
phase and water of bio-oil were calculated by the weight of the collected bio-oils and their 
water content. The oil phase decreased whereas the water increased with increasing 
proportion of the catalyst. Increasing the volume fraction of Ni/LY char from 0 to 75%, the 
oil phase decreased from 37.6 to 12.3% while the water increased from 9.40 to 16.1%. 
Although the oil phases decreased with the volume fraction of the catalyst, the bio-oils with 
relatively lower oxygen content could be obtained from hydropyrolysis using the catalyst 
8
 as 
shown in Figure 6-14.  
 
Figure 6-14. The effect of volume fraction of Ni/LY char on oxygen content and HHV                      
of bio-oils  
 
       Figure 6-14 illustrates the effect of the volume fraction of Ni/LY char on the oxygen 
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metal content and high specific surface area of the catalyst, which has relatively a high 
catalyst activity. The results obtained suggest that the action of catalyst would be probably 
favors the hydrodeoxygenation, decarbonylation and decraboxylation by converted the 
oxygen content in bio-oil to form H2O, CO and CO2  leading to high water content in bio-oil 
and gas yield. The conversion of oxygen to form H2O, CO and CO2 has been reported as a 
primary conversion oxygen species for catalytic upgrading bio-oil.
25, 26
 The oxygen content of 
bio-oils are more decreased with increasing of the volume fraction of Ni/LY char. The 
decreasing of oxygen content contributed to a remarkable increase in HHV of bio-oils 
27
 as 
shown in Figure 6-14. The highest HHV of bio-oil (30 MJ/kg) was obtained from 
hydropyrolysis with 75% volume fraction of Ni/LY char which is close to that of heavy fuel 
oil (40 MJ/kg).
28
 It is concluded that the catalytic hydropyrolysis of rice husk at high volume 
fraction of Ni/LY char is an alternative way to improve the quality of bio-oils with relatively 
low oxygen content and high HHV. The similar outcome was found by Nelson 
29
 who studied 
the catalytic reactions of product from hydropyrolysis of coal and reported that total liquid 
yield decreased due to gas formation which oxygen removal as H2O, CO and CO2. 
16  
As 
presented in Figure 6-15, the main gas composition from different volume fractions of Ni/LY 
char was different. The CH4, CO and CO2 trended to increase with the volume fraction of 
Ni/LY char because at high volume fraction of the  catalyst might be favors the 
hydrogasification of semi char to produce CH4 and also the hydrocracking and deoxygenation 
where the oxygen are converted to form CO and CO2 resulted in high CH4, CO and CO2 
products.  
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      Figure 6-15. The effect of volume fraction of Ni/LY char on gas composition 
 
     6.3.3.1 Characterization of bio-oil 
          6.3.3.1.1 Elemental analysis. Table 6-4 showed the elemental composition result of 
bio-oils from catalytic hydropyrolysis of rice husk at difference the volume fraction of Ni/LY 
char. The result showed that the elemental composition of bio-oils varies depending on the 
volume fraction of catalyst. Table 6-4, the oxygen content fell to 30.2% at 5% volume 
fraction of Ni/LY char and decreasing further to 20.7% at 75% volume fraction of Ni/LY char. 
The highest carbon content (68.7 wt.%) and the lowest oxygen content were obtained from 
hydropyrolysis process at the temperature of 500 °C using 75% volume fraction of Ni/LY 
char. Wang et al.
27
 studied the effect of temperature and catalyst on the pyrolysis of industrial 
wastes and reported that the lowest oxygen content and the highest calorific value was 
obtained  from pyrolysis with high ratio of catalytic ratio. It is indicated that the high carbon 
and low oxygen content of bio-oils could correspond to the high energy content and HHV of 
bio-oils. 
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Table 6-4. Elemental composition of bio-oils at different volume fractions of Ni/LY char. 
Volume fraction of catalyst 
(%) 
 (wt.%, dry basis)  
C H O 
0% 60.8 7.01 32.9 
5% 63.2 6.62 30.2 
25% 63.0 7.24 29.5 
50% 65.1 7.03 26.2 
75% 68.7 6.77 20.7 
 
     6.3.3.1.2 Composition of bio-oil. GC/MS analysis was carried out to identify composition 
of bio-oil from the hydropyrolysis of rice husk at difference the volume fraction of Ni/LY 
char. Figure 6-16 indicated the main compositions found in the bio-oils. The bio-oils 
composition were a very complex mixture of organic compounds, which can be grouped into 
the following classes of compounds: Acids such as propanoic acid and acetic acid; Alcohols 
which include glycerin and 1,2-cyclohexanediol; Ether such as 5-methylfurfural and 
dimethoxytetrahydrofuran; Ketones such as cyclopenten-1- one, 5H-furan-2-one and 2-
acetylfuran; Phenol and its derivatives such as benzene-1,2-diol, 2-ethylphenol and 4-
methoxyphenol and aromatic hydrocarbons which include single ring and polycyclic aromatic 
hydrocarbons (PAHs) such as naphthalene, pyrene, fluorene, phenanthrene and anthracene. 
There is an obvious change, after altering the bio-oil composition by varying the volume 
fraction of Ni/LY char. In Figure 6-16, the amount of oxygenated compounds decreased 
whereas aromatic and aliphatic hydrocarbons increased with increasing the volume fraction of 
the catalyst.
 4
 The small part of oxygenated compounds in the bio-oils was detected with 50 
and 75% volume fraction of Ni/LY char. These results could be explained that an incremental 
of volume fraction of catalyst favors the secondary reaction such as hydrodeoxygenation, 
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decarbonylation and decarboxylation, resulting in removal of oxygen while increased 
hydrocarbon compounds. The total aromatic hydrocarbons of 25, 50 and 75% volume fraction 
of Ni/LY char are 5, 12, and 5%, respectively. The aliphatic hydrocarbons are only abundant 
compounds in the bio-oil with 50 and 75% volume fraction of Ni/LY char. This result also 
seemed to indicate that the hydropyrolysis of rice husk with the volume fraction of catalyst > 
50% gave high potential of bio-oil with high aliphatic and aromatic hydrocarbons and low 
oxygenated compounds. Dundich et al. 
30
 have reported that the deoxygenation of aliphatic 
and aromatic oxygen-containing compounds to corresponding hydrocarbons can be efficiently 
performed on nickel catalyst. Similar to previous work on the composition of biomass 
hydropyrolysis oil, the aliphatic and aromatic compounds were increased when the catalyst 
was present. 
17
 
 
Figure 6-16. The effect of volume fraction of Ni/LY char on composition of bio-oils 
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          6.3.3.1.3 Functional group compositional analysis. The FT-IR spectra of the bio-oils 
obtained from hydropyrolysis using 75% volume fraction of Ni/LY char and without the 
catalyst at a gas flow rate of 2 L/min, static bed height of 5 cm, temperature of 500 °C and 
heating rate of 10 °C/min are shown in Figure 6-17. 
 
 
Figure 6-17. FT-IR spectra of bio-oils 
 
     The non-catalytic hydropyrolysis oil showed strong adsorption band  between 3600 and 
3200 cm
-1
 representing O-H vibrations, C=O stretching vibrations between 1750 and 1650 cm
-1
, 
C-O stretching vibrations between 950 and 1300 cm
-1
, and indicated the oxygenated compounds 
such as phenol, alcohol, esters, carboxylic acids, ketones and aldehydes. However, these 
oxygenated compounds peaks are also present in the catalytic hydropyrolysis oil suggesting 
that the Ni/LY char does not completely remove the oxygenated compounds in bio-oil. For 
the non-oxygenated compounds, the C-H stretching vibrations between 2800 and 3000 cm
-1
, 
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deformation vibrations between 1350 and 1475 cm
-1
, absorption peaks between 1575 and 
1625 cm
-1
 and between 675 and 900 cm
-1
 indicated alkane and alkene, have been detected at 
high concentration in catalytic hydropyrolytic oil whereas low concentration in non-catalytic 
hydropyrolysis oil. The peaks adsorption of aromatic compounds, i.e. the adsorption band 
between 3000 and 3050 cm
-1
, between 1450 and 1600 cm
-1 
and between 700 and 900 cm
-1
, 
showed a markedly increase after the catalyst. These results indicated that the presence of the 
catalyst can produce bio-oil with relatively high alkene groups, single rings, aromatic 
hydrocarbons and low oxygenated compounds compared with non catalyst. 
31 
Overall, it has been showed that the Ni/LY char have great influence on hydropyrolysis of 
biomass. There is a decrease in the bio-oil yield after the catalysis whilst an improved product is 
obtained with low oxygen content and high aromatic content, which might be used as a potential 
liquid fuel and chemical feedstock. 
 
6.4   Summary 
The fast hydropyrolysis of rice husk using an inexpensive Ni/LY char at the optimal 
conditions for bio-oil yield (temperature of 500 °C with a gas flow rate 2 L/min and static bed 
height 5 cm without the catalyst) was carried out in a fluidized bed reactor to study the effect 
of catalyst and catalytic hydropyrolysis temperatures on the product yields and composition 
of bio-oil. The use of catalyst supports the deoxygenation and hydrodeoxygenation of the 
primary organic vapors of rice husk to produce low oxygen-containing bio-oil by converting 
oxygen into H2O, CO and CO2.  In the fluidized bed, the activities of hydrocracking and 
catalytic treatment increased as the temperature was raised from 500 to 650° C.  At 650° C 
the lowest oxygen content in bio-oil was obtained whereas the water content rose to 55.1wt%.  
It might be concluded that a rise in the catalytic hydropyrolysis temperature enhanced the 
secondary pyrolysis (i.e., the reaction between oxygen and organic compounds via catalytic 
136 
 
cracking, hydrocracking, and deoxygenation), thus decreasing the oxygen content of bio-oil 
while increasing the gas yield and water content.  The GC/MS, GPC, FT-IR and CHN 
elemental analysis showed a decrease of the oxygenated compounds but an increase in arenes 
with a rise in temperature up to 650°C. Then, the effect of volume fraction of Ni/LY char at 
the optimal condition for bio-oil product was studied. The performed of catalyst for 
hydropyrolysis was found to be attractive for decreasing the oxygen content in the bio-oil to 
obtain bio-oil with relatively low oxygen content compared with non-catalytic hydropyrolysis. 
The oxygenated compounds decreased, while aliphatic and aromatic hydrocarbons slightly 
increased when the volume fractions of Ni/LY char increased. An increasing the volume 
fraction of Ni/LY char due to increase the speech of reaction such as deoxygenation and 
hydrodeoxygenation resulting in more oxygen content of bio-oil was removed to obtained 
hydrocarbon compounds. From this results, it can be concluded that to improve the quality of 
bio-oil, Ni/LY char can be used as an inexpensive alternative catalyst and hydropyrolysis of 
rice husk at high temperature (650 °C) and high volume fraction of Ni/LY char (75 v/v%) can 
produced bio-oil with relatively low oxygen content, oxygenated compound and high 
aromatic hydrocarnons which can be used as a liquid fuel and chemical feedstock. Even 
though the use of catalyst resulted in lower amounts of bio-oil derived, there was an increase 
in hydrocarbons compounds and a decrease in oxygen content, thus significantly improving 
the quality of the bio-oil. 
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Chapter 7 Conclusion 
     Hydropyrolysis of rice husk without catalyst was studied in fluidized bed reactor. The 
effect of operating parameter to determine the optimal condition of bio-oil yield was 
investigated, after that catalytic hydropyrolysis of rice husk at different gas atmosphere, 
catalytic activity, temperature and volume fraction of catalyst on product yields and 
composition of bio-oils were investigated and employed to obtain the bio-oil with relatively 
low oxygen content. Nickel-loaded brown coal char which was prepared by ion-exchange 
method has been used to reduce the oxygen content of bio-oil. The physicochemical 
properties of bio-oil were characterized using GC/MS (Gas chromatography/mass 
spectrometry), GPC (Gel permeation chromatography), CHN (Elemental analysis), and FT-IR 
(Fourier transform infrared spectroscopy); and water content with Karl Fischer to determine its 
possibility as a potential source of fuel or chemical feedstock. In addition, hydropyrolysis of 
three common biomass wastes was investigated to evaluate bio-oil products. 
   In Chapter 2, fast pyrolysis of rice husk was performed in a fluidized reactor to study the 
effects of different catalysts on the product yields and composition of bio-oils. The results 
showed that pyrolysis using catalyst produced bio-oil with lower molecular weight and high 
HHV of bio-oil. Catalysts were used to decrease the oxygen content of bio-oil.  High activity 
was obtained with Ni/LY char and CoMo/Al2O3 in which oxygen content in primary organic 
vapors was converted to H2O, CO, and CO2. However, Ni/LY char is deemed more favorable 
than CoMo/Al2O3 in terms of the production cost of bio-oil. 
   In Chapter 3, the effects of operating parameters (i.e., hydrogen pressure, temperature, GRT, 
and GHSV) on rice husk in hydropyrolysis without catalyst were investigated in a fluidized bed 
reactor. The optimal condition was found to be at temperature of 500°C, GRT of 2.7 s, and 
GHSV of 4891 h
-1
 with maximum bio-oil yield of 47.1 wt%. 
141 
 
  In Chapter 4, fast pyrolysis experiments of three biomasses, namely rice husk, pine, and 
coconut shell, were conducted in a fluidized reactor. The results showed that high yield of 
bio-oils with higher heating value from rice husk, pine, and coconut shell can be achieved 
with hydropyrolysis process. The chemical composition of each bio-oil is different depending 
on the type of biomass; however, the bio-oil products from the three biomasses contain a 
significant amount of oxygen content (> 28 wt.%).  The FT-IR and GC-MS analyses showed 
that the main compounds of bio-oils from three biomasses were carboxylic acid, phenol, 
alcohol, and branched oxygenated hydrocarbons. It is recommended that the bio-oil products 
be further processed to remove the condensed water and oxygen content for chemical and /or 
biofuel production. 
     In Chapter 5, Fast hydropyrolysis of rice husk is investigated at temperature of 650 °C, 
GRT of 2.5 s, GHSV of 3033 h
-1 
and heating rate of 10 °C in a fluidized bed reactor under 
different catalysts. The results reveal that a lower molecular weight of bio-oils and several 
aromatic hydrocarbons are obtained with hydropyrolysis using catalyst.  Catalysts are used in 
this study to decrease the oxygen content of the bio-oils. Best results are obtained with Ni/LY 
char and CoMo/Al2O3 under hydrogen atmosphere; this is possibly due to the ability of these 
catalysts to promote the hydrodeoxygenation of primary pyrolysis vapors, producing bio-oils 
containing lower amounts of oxygenated compounds of about 20.1% and 10.1%, respectively. 
However, Ni/LY char is deemed more favorable than CoMo/Al2O3 in terms of the production 
cost of the bio-oil. 
   In Chapter 6, the effects of catalytic hydropyrolysis temperature and volume fraction of 
Ni/LY char in catalytic hydropyrolysis of rice husk on the product distribution and composition 
of bio-oil were investigated at the optimal condition (i.e., temperature of 500°C, GRT of 2.7 s, 
and GHSV of 4891 h
-1
). The hydropyrolysis with catalyst was found to promote the reduction 
of oxygen content in bio-oil by converting the oxygen to H2O, CO, and CO2 via 
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hydrodeoxygenation, decarbonylation and decarboxylation reactions. The lowest oxygen 
content can be obtained with the catalytic hydropyrolysis temperature of 650°C. The GC/MS, 
GPC, FTIR, and CHN elemental analysis showed that the oxygenated compounds decreased 
whereas the aromatic hydrocarbons compounds increased with increasing temperature. In terms 
of different volume fractions of catalyst, the oxygenated compounds decreased while aliphatic 
and aromatic hydrocarbons slightly increased when the volume fraction of Ni/LY char 
increased. High volume fraction of Ni/LY char increased the rate of deoxygenation reaction, 
whereas oxygen content of bio-oil decreased. It could be concluded that high temperature and 
high volume fraction of Ni/LY char promote the catalyst activity to lower the oxygen content 
of bio-oil to a level suitable for use as liquid fuel and chemical feedstock.    
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